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While forest managers once sought primarily to produce sustainable revenue from
harvests, there is now growing value placed on non-timber outcomes like wildlife habitat,
climate adaptability, and carbon storage. When deciding how to manage land for the future,
foresters and landowners must assess the many outcomes of forestry activities and be aware of
the tradeoffs inherent to achieving different goals. Given the slow growth of trees relative to
other commercial crops, it is rare to have the continuity of land ownership, researchers, and
funding needed to follow a stand for a full rotation or to observe a tree from recruitment to
maturity. Because a given forester will rarely see results of their management decisions decades
in the future, long-term studies can help forest managers anticipate the results of treatments they
apply. We examined effects of over 65 years of even-aged (uniform shelterwood) and unevenaged (single-tree selection) silviculture and exploitive harvesting practices (diameter-limit
cutting and commercial clearcutting) on a variety of silvicultural, economic, and ecological
outcomes, using a long-term U.S. Forest Service study at the Penobscot Experimental Forest in
central Maine, U.S. We found that while some treatments achieved their original objectives,
changes in markets and growing awareness of ecological values (e.g. habitat provision and
carbon storage) influenced our assessment of these outcomes today. For example, the

shelterwood treatments successfully controlled species composition and structure, but those
stands may not be resilient to environmental or market changes. Selection treatments created
stands of high-quality, large trees and diverse habitat structures, but did not encourage species
adaptable to future climate conditions. Exploitive harvesting encouraged climate change-resilient
species like red maple, but led to poor tree quality, growth rates, and economic value. These
findings underscore that we must consider outcomes beyond short-term wood production, and
time may change how we interpret structural and compositional results as new objectives and
socio-ecological contexts arise.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW
1.1

Geographic and historical context
The northern conifer forest
The northern conifer (Acadian) forest includes northern Maine, eastern Canada, and

higher elevations in northern New York, Vermont, and New Hampshire (Braun 1950). It lies in a
transition zone between the boreal forest and the eastern temperate forest, and is a mixedwood
forest type characterized by spruce species (Picea spp.) and balsam fir (Abies balsamea [L.]
Mill.) with components of eastern white pine (Pinus strobus L.), northern white-cedar (Thuja
occidentalis L.), eastern hemlock (Tsuga canadensis [L.] Carr.), and hardwoods including red
maple (Acer rubrum L.), aspen (Populus spp.), and birch (Betula spp.; Seymour and Hunter
1992). The northern conifer forest was historically called the spruce-fir forest, as the primary
commercial timber species were balsam fir and red (Picea rubens Sarg.), black (Picea mariana
[Mill.] BSP), and white (Picea glauca [Moench] Voss) spruce.
Recommended silviculture practices for commercial forests in the region tend to favor
spruce over fir. Spruce is longer-lived than fir, and less susceptible to defoliation and mortality
from the spruce budworm (Choristoneura fumiferana). However, spruce is more shallow-rooted
and harder to regenerate than fir, and ensuring spruce regeneration has long been a topic of study
and a management challenge (e.g., Westveld 1930; Brissette 1996; Moores et al. 2007; Dumais
et al. 2019). If advance regeneration of spruce and fir is not present prior to harvest, those stands
often become dominated by hardwoods (Hart 1963; Brissette and Kenefic 2008).
Natural disturbances in the region are typically small-scale windthrow events and singletree mortality. Stand-replacing natural disturbances are rare, usually due to hurricanes or periodic
1

outbreaks of the native spruce budworm. The return interval for fire is 800-1150 years (Lorimer
1977). Human impact, meanwhile, is much more prevalent; most of the northern conifer forest
has been harvested in the past 150 years (Seymour 1992).
Harvesting history
Some of the earliest timber harvesting by European settlers in the northeastern U.S. was
the oft-cited removal of eastern white pine in what is now Maine for masts in the British Navy.
Pine, spruce, and oak were also harvested for barrels and building materials in the early days of
European settlement. As white pine was depleted, red spruce was increasingly harvested as an
alternative (Hart 1963; Kelty and D’Amato 2006). At first only spruce over 30 to 40 cm in
diameter were cut, but diameter limits were repeatedly lowered until essentially all trees over 25
cm in diameter were gone. In the 1890s, pulp and paper industry entered the woods and
harvested even smaller trees (Seymour 1992). Selective harvesting of spruce left an unnaturally
high component of fir, which likely caused severe mortality of forests in the region during the
1913-1918 budworm outbreak (Seymour 1992). Subsequent clearcutting eventually led to
concern over spruce-fir regeneration failures and the future sustainability of the forest (Westveld
1953). Some foresters suggested reinstating diameter limits as a solution (Kelty and D’Amato
2006), but researchers recommended the selection system in order to promote regeneration and
keep more growing stock (e.g., Westveld 1953). The general outcome, however, was that
diameter-limit cutting became popular once more. Hart (1963) reported that 60-75% of spruce-fir
harvests were diameter-limit cuts and 20-30% were marked selection harvests. While perhaps
better than commercial clearcutting for ensuring desirable future species composition, the
practice of diameter-limit cutting led to degraded stands and poor quality spruce-fir forests
(Kelty and D’Amato 2006).
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The 1970s budworm outbreak prompted even more salvage and pre-salvage clearcutting,
which was accomplished with increasingly large harvesting equipment. This period led to a
general shift towards using larger machines, even after the budworm outbreak subsided, and
heavy harvesting continued to some degree. As a result, forest conditions further shifted away
from the multi-aged stands historically common on the landscape to even-aged, uniform stands
(Seymour 1992). These stands were clearcut at a younger age, in the stem exclusion stage of
stand development (Oliver and Larson 1996), and lacked advance regeneration. Without advance
regeneration and in the absence of planting, the stands transitioned away from spruce-fir postharvest toward early-successional tree species such as aspen and paper birch.
Public awareness and outcry over the widespread clearcutting starting in the 1970s
eventually led to the adoption of the Maine Forest Practices Act (FPA), which defines clearcuts
and limits their size and adjacency to other cleared areas. However, the disincentive to
clearcutting created by the FPA, along with the required unharvested buffers surrounding
clearcuts, served to disperse the impact of harvesting on the landscape rather than lessen it. The
area harvested during the 1990s approximately doubled following the passage of the FPA, as
harvesting shifted to smaller clearcuts and larger areas of partial harvesting (Legaard et al. 2015).
Ownership
Starting in the 1890s, large industrial pulp and paper companies purchased forestland
covering much of Maine. Pulp and paper companies continued to be the largest landowners in
Maine for most of the 20th century, in some cases holding forests for two full timber rotations
(Irland et al. 2010). With such a long tenure of land ownership, companies invested in science
and management to benefit long-term profitability (Nelson 2009). Starting in the 1980s,
however, much of the industrial land in Maine and in some other parts of the country was
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purchased by new private owners as companies broke up, mergers took place, and other sales
transferred ownership to investment ownerships, namely Timber Investment Management
Organizations (TIMOs). At the same time, many forest product companies reorganized, from C
corporations to Real Estate Investment Trusts (REITs) (Nadeau-Drillen and Ippoliti 2006). Many
of these owners have held their forestlands for much shorter time periods, meaning that
investment in silviculture may not provide a return. There are concerns about the sustainability
of harvesting practices on some of these lands (Irland et al. 2010), although the period of transfer
also created opportunities for land trusts and non-profit organizations to purchase large tracts of
previously harvested land (Meyer et al. 2014). In 2016, private corporations owned 59% and
families 32% of forestland in Maine. Over half of family forest owners had at least 40 hectares,
and the larger family landowners contributed a disproportionately large amount of timber to the
market (Butler 2017).
1.2

Management of the northern conifer forest
Forest managers in this region have often tried to decrease the proportion of hardwoods

in a stand and increase the spruce component (Westveld 1953). However, there was and is much
to be learned about the best method to regenerate and ensure competitive advantage of spruce
over fir or other species (Sendak et al. 2003; Dumais and Prevost 2014). In order to develop
research about management alternatives in a spruce-fir forest, a group of nine pulp and paper and
land-holding companies donated land to the U.S. Forest Service to establish the Penobscot
Experimental Forest (PEF) in central Maine in 1950. It was described in a 1951 press release as
“the first instance in the annals of American forestry that a group of wood-using industries have
united to purchase a timberland tract for lease to the government to do such work” (Kenefic et al.
2014b).
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The Compartment Management Study (CMS) was initiated on the PEF in 1952 to assess
a range of forest management systems for use by forest industry, measuring production and
financial feasibility (Kenefic et al. 2014b). The study was created at a time when Marinus
Westveld, a leading Forest Service researcher in the region, was promoting the selection system
of uneven-aged silviculture (e.g., Westveld 1953). As a result, the original emphasis of the CMS
was on comparing the selection system against commercial clearcutting and diameter-limit
harvesting. Fortunately, the even-aged shelterwood system was included at the suggestion of
David M. Smith at Yale University (Kenefic et al. 2014b). Today shelterwood is a widespread
and important system for spruce-fir silviculture, especially on commercial forestlands.
Silvicultural systems in spruce-fir
Even-aged silvicultural systems maintain a single age class of trees, and vary based on
the source of regeneration (from seeds or sprouts after overstory removal vs. advance
regeneration) and the influence of overstory trees on forest floor microenvironment and resource
availability during the regeneration period. In the shelterwood system of even-aged
management, effective for regenerating a wide range of species tolerances, including shadetolerant species like spruce and fir, the overstory is removed gradually during several cuttings,
providing seed and light for advance regeneration of desired species to become established. In
traditional application, the remaining overstory is later eliminated, allowing the new cohort to
grow freely. Even-aged stands may receive intermediate treatments to release desired trees or
species and to improve growth and capture mortality.
Uneven-aged silviculture retains at least three distinct age classes at all times, providing
some continual cover and varied structure across the stand. The single-tree selection system
seeks to maintain a balanced age structure through the use of a reverse-J diameter distribution
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from empirical studies (e.g. Arbogast 1957) or a mathematical approach called the BDq (basal
area, maximum diameter, and q-factor) method (Guldin 1991). A balanced stand structure is
believed to ensure continual production with shorter harvest intervals and lighter harvests than
with even-aged systems. At each entry, perhaps 5, 10, 20, or more years apart, mature trees are
harvested and younger trees are tended to meet overall size and species composition goals.
Exploitive harvesting treatments include commercial clearcutting and diameter-limit
cutting. These focus on what is removed and do not intentionally establish regeneration or create
a desired residual stand condition. Unlike a silvicultural clearcut done as part of an even-aged
silvicultural system, commercial clearcutting and diameter-limit cutting cannot be considered
silviculture. In commercially clearcut stands, only merchantable trees are removed in each
harvest. In fixed diameter-limit cuts, all merchantable trees over a certain diameter (which may
vary by species) are removed. A compromise is found in modified diameter-limit harvesting
(also called guiding or flexible diameter-limit cutting; see Miller and Smith 1993, Guldin and
Baker 1998), in which allowable cut is constrained to net growth in the previous period. In
addition, application of modified diameter-limit cutting may include retaining some trees for
seed or wind protection in the residual, as well as harvesting some smaller trees if they are
expected to die before the next harvest (Brissette and Kenefic 2008). However, this still does not
explicitly provide for regeneration of the new cohort.
Other silvicultural methods that are studied and implemented in the spruce-fir forest, but
not explicitly explored in the CMS, include group selection and shelterwood variations such as
continuous cover or expanding-gap irregular shelterwood (Raymond et al. 2009; Arseneault et al.
2011). Plantation forestry is also practiced in a small area in Maine and a large area in adjacent
eastern Canada (Natural Resources Canada 2019).
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1.3

Research at the Penobscot Experimental Forest
There is great value in the knowledge gained from long-term studies of forest

management (Lugo et al. 2006; Pretzsch et al. 2019). Given how slowly trees grow relative to
other commercial crops, it is rare to have continuity of land ownership, researchers, and funding
needed to follow a stand for a full rotation or to observe a tree from recruitment to maturity.
Because a given forester will rarely see results of his or her management decisions decades in the
future, long-term studies can help forest managers anticipate the results of treatments they apply.
Findings become apparent only through repeated treatments and long-term monitoring,
and are not always part of the original intent of the study. Throughout the past 65 years, repeated
data collection on the CMS and the introduction of new measurement variables have deepened
our understanding of the impacts of the management treatments being applied at the PEF.
Results of the CMS have been reported several times: by Frank and Blum (1978) after 20
years of study and by Sendak et al. (2003) after 40 years. Conclusions about the success and
outcomes of treatments have changed through repeated measurement and examination (e.g., the
effectiveness of managing to a reverse-J curve for single-tree selection; Seymour and Kenefic
1998).
While forest management outcomes were traditionally measured by calculating timberrelated values such as growth, yield, and composition, today there are many more variables of
interest. Economics, wildlife habitat, recreation, and carbon storage are all common
contemporary management goals, and have been studied to varying degrees. By examining
components of each, a broader picture can be painted which demonstrates overlap or tradeoffs
needed to achieve various objectives. Additional years of data and a broader view of landowner
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objectives provide an opportunity to generate new insights from this study that better reflect the
many goals that today’s landowners have for our northern conifer forests.
1.4

Economic importance
In 2016, the forest products industry in Maine made an $8.5 billion contribution to the

state economy and supported, directly and indirectly, over 33,000 jobs or about 1 in 24 in the
state (Crandall and Anderson 2016). Many of these jobs are found in the northern conifer forest
region of northern Maine. Much of Maine’s forestland is owned by large timber companies,
TIMOs, and REITs, although smaller private landowners, state government, nonprofits, tribes,
and others control a substantial portion of forests in the region and therefore influence this
economic resource (Butler 2017).
Understanding the impact of forest management on growth, yield, and timber quality will
help predict future flows of forest products, to inform planning and maintain the viability of the
forest industry. Communicating those results to smaller landowners who do not have the knowhow and resources of large companies may also encourage more and better forest management,
and keep a flow of high-quality timber feeding the regional economy (Huff et al. 2015), in
addition to providing other ecosystem services. As markets for forest products change and
expand to include new opportunities like carbon storage, it will be helpful to compare the longterm outcomes of different kinds of forest management for both timber and non-timber financial
outcomes.
While smaller landowners usually list wildlife or scenic beauty above timber harvesting
as reasons for owning woodlands (Butler 2017), rarely does money not matter. For example, a
2011 survey of landowners in Kennebec County, Maine, found that only 15% of respondents
reported owning land for production of forest products, but over 50% of landowners had
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conducted a harvest (Quartuch et al. 2012). The ability to gain some income from forests, or at
least break even when conducting operations to improve forest quality, is a win-win for
landowners, forests, and the local economy.
Valuing trees and forests
Not all trees are valued in the same way; simple measures of volume do not adequately
predict the actual price that is paid for trees in a stand. Price depends on species, tree size, form,
and defects that influence tree quality. While it is impossible to assess the value of every tree
while it is standing, measures of size and quality can approximate stumpage (the price paid to the
landowner for standing timber). Hardwood tree form is generally more variable than softwood,
with greater potential for sweep and large branches, with hardwood log classifications
accordingly more complex than those used for softwood species (Castle et al. 2017).
Measures of diameter, height, live crown ratio, and crown class all describe a tree’s
competitive status, and diseases and defects can be noted to indicate tree health. Grading trees
based on potential for different wood products, such as sawtimber, boltwood, pulp, or biomass
can give a sense of the economic value of a stand (Cunningham n.d.). While each of these pieces
of information can be used individually, it is helpful to combine those measurements and
observations through a comprehensive classification system which estimates the value of the
stand in the present and future.
One of the simplest classification systems divides standing trees into Acceptable
Growing Stock (AGS) and Unacceptable Growing Stock (UGS; Nyland 2016, p.240). These are
flexible terms that describe how well inventoried trees meet landowner objectives or are
expected to do so in the future. AGS most often refers to trees of desirable species, with good
form and few defects, growing well and increasing in value and size, which are likely to be
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marketable (Mercker 2013). They may not be currently merchantable, but will be in the future, or
they may already be of merchantable size but are not expected to decrease in value before the
next harvest (Leak et al. 2014). UGS are at high risk of mortality or are expected to decline in
value before the next harvest. They may have low quality wood due to tree form or defects.
Net present value and discount rates
For families, companies, organizations, and land trusts that intend to keep and utilize
their forest for a long time, sustaining a current and future source of income is important.
Comparing silviculture and harvesting alternatives over long time periods can be difficult,
however, and the chosen type of management will depend on the priorities and values of the
landowner.
Costs and revenues associated with forest management, such as commercial thinning and
selection harvests, occur at various points in the future. Comparing the present value of different
management scenarios can help landowners make a wise decision. To calculate present value, all
costs and revenues over the life of the stand are converted to current dollars using a discount rate.
The discount rate establishes the minimum rate of return that the investor is willing to accept for
a given project, often based on returns that could be earned from equally stable investments
elsewhere. The choice of discount rate has a huge impact on financial analysis of long-term
investments: for example, $1,000, one hundred years in the future, is worth $2.95 today with a
6% discount rate and $138.03 with a 2% rate. TIMOs and REITs often conduct analyses using
discount rates of 5% or 6% (KPMG 2017) and the U.S. Forest Service has used a discount rate of
4% (Row et al. 1981).
Unlike some large companies or the government, most private landowners do not expect
to be around to receive revenue from long-term timber investments (say, 40 or 50 years in the
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future). They may be likely to have higher discount rates, placing a higher value on money
received sooner. In 2002, Bullard et al. conducted a telephone survey of 829 non-industrial
private forest landowners in Mississippi who owned at least 8 hectares of forest and had sold
timber in the last five years. Landowners’ stated discount rates increased with longer-term
forestry investments, from 5.7% real for a 5-year investment to 8.9% for a 10-year investment
and 10.7% for a 25-year investment (Bullard et al. 2002). Today this seems rather high,
especially when compared with the discount rates used by timber companies and the market
interest rate. This may reflect private landowners shortened time frames or a lack of knowledge
about the implications of longer-term forest investment. It is possible that landowner behavior
reflects a discount rate that is effectively much lower than that reported in a survey.
Landowners such as land trusts may be more actively prioritizing the needs of future
generations. Given the large number of ecosystem services that forests provide, forestland is a
key part of the wellbeing of society and must continue to provide services in the future. As
benefits received far in the future can be easily discounted to zero today, a number of economists
have recommended very low or declining discount rates as a way to encourage action to combat
climate change, maintain biodiversity, and provide for the needs of future generations (Price
2011).
The further in the future the costs and revenues lie, the more the effect of differing
discount rates is felt, as the discounting is compounded year on year. In some industries this is
not a concern, but because of the decades-long (or longer) time periods involved in forestry, the
choice of discount rate has a massive impact on net present value. It is critical to settle on an
acceptable, well-justified discount rate when conducting analyses to determine the type of forest
management to apply.
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1.5

Climate change mitigation
Forests influence the amount of CO2 in the atmosphere, and therefore have the ability to

lessen or increase the effects of climate change. The most effective efforts to combat climate
change will focus not only on limiting emissions of greenhouse gasses, but will also encourage
forest management to increase carbon sequestration and storage. This can reduce the cost of CO2
reductions compared with limiting emissions alone (Gren and Aklilu 2016), and provide many
other benefits associated with well-managed forests.
An understanding of forest management’s influence on carbon storage is crucial for those
designing and implementing policies, as well as for private landowners interested in monetizing
carbon storage. Carbon markets in the U.S. and Canada pay landowners for every ton of CO2
equivalent their forests store beyond a baseline level in the region. In January 2017, prices in the
California carbon market were around $14 ton-1 for allowances and $10 ton-1 for offsets
(Keeping Maine’s Forests 2017). Low prices for offsets may induce companies to purchase the
maximum offset credits possible, but may be too low to incentivize the creation of many forest
offset projects. For a landowner to receive compensation for good forestry practices, there are
strict regulations, high accounting requirements, and a very long time commitment involved
(usually 100 years).
In 2017 there were six forest offset projects in Maine: four owned by NGOs, one by a
TIMO, and one by the Passamaquoddy Tribe. None of the Maine landowners certified by the
Sustainable Forestry Initiative (SFI) had forest offset projects, although all survey respondents
had looked into the possibility. In a survey conducted by Keeping Maine’s Forests, they cited
low offset prices, risk of spruce budworm, and the long time commitment as reasons they have
not entered the carbon market (Keeping Maine’s Forests 2017). Still, several more forest carbon
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projects have been proposed since then (Climate Action Reserve 2019). If carbon offset prices
increase, many more landowners may look to carbon storage as a new source of income,
especially in stands that may not have high values for other products.
1.6

Climate change adaptation
Climate change is impacting our forests and will continue to do so in the future. The

northeastern United States will experience higher temperatures throughout the year, and likely
see more precipitation in winter months and an increase in extreme weather events, although
climate models disagree about whether summer and fall precipitation will increase or decrease
(Janowiak et al. 2018). Northern conifer forests are expected to be among the forest types most
vulnerable to direct and indirect stressors caused by climate change. Balsam fir and spruce
species, already at the southern edge of their range, are expected to decline in abundance and
volume under all model scenarios. Overall, less diverse forests are at greater risk of disturbance
(Janowiak et al. 2018).
Managing forests which store and sequester carbon and managing forests that are able to
adapt to future climate change might not be accomplished with the same management. As
D’Amato et al. (2011) showed, aging stands tend to have greater aboveground carbon stores, but
slowing rates of sequestration. Some stands increased in compositional complexity with age
(mostly those with low stocking levels), but others decreased as they became dominated by
shade-tolerant species. Measures of size inequality and diversity were also variable with stand
age. Maintaining high levels of growth through thinning and intensive management may come at
the expense of compositional and structural complexity. On the other hand, minimizing harvest
can lead to slowing growth and simplification of composition. If we want resilient, healthy
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forests in the future, it will be important to assess adaptation potential as well as carbon storage
when deciding how to best manage our forests.
1.7

Wildlife habitat
Providing wildlife habitat is a high priority for many forest landowners. In the 2013

National Woodland Owner Survey, family forest landowners in Maine listed “improving wildlife
habitat” as the second most frequent activity they plan to do in the next five years, just behind
cutting trees for personal use (Butler and Butler 2016).
Endangered and threatened wildlife species have for decades been protected through
policies which intend to provide habitat and restrict forest management practices. Still, many
more species are, and will be, vulnerable as a result of climate change and land use change
(Whitman et al. 2013). Spruce-fir and hemlock forests, home to many species of wildlife, are
vulnerable to changes in temperature, precipitation, and pests (Whitman et al. 2013).
Birds are generally more vulnerable to the effects of climate change than mammals, fish,
or other fauna (Whitman et al. 2013). Many birds have specific habitat needs, and forest
management can improve or destroy those conditions. Hache et al. (2013) measured densities of
a number of bird species before and after selection harvests, and found that most species
increased or declined as expected based on their habitat requirements. Birds which need dense
shrub layers increased over the short term following harvests, while those associated with mature
forests decreased in number. Understanding the effects of various types of forest management on
bird habitat can help landowners balance habitat types for many species on a landscape.
Managing forests to provide game habitat not only provides enjoyment and sustenance to
landowners and visitors, but is a major economic contributor to the state. In 2013, 162,000
hunters, mostly seeking deer and birds, spent over $231 million in Maine (Southwick Associates
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2014). While many parts of the country have more white-tailed deer (Odocoileus virginianus)
than is ecologically sustainable, and herbivory can limit regeneration of desired tree species
(Janowiak et al. 2018), the harsh winters in central and northern Maine mean that special
management of deer wintering areas (DWAs) is considered necessary to maintain adequate
populations. In the 1980s, the Maine Department of Inland Fisheries and Wildlife (MDIFW)
cited concerns that spruce budworm defoliation, logging activities, and development could
threaten the winter softwood cover needed by white-tailed deer. Setting a goal of 5-15% of
available deer habitat in winter cover, they zoned protected fish and wildlife areas in part to
provide DWAs in Maine’s unorganized townships and created regulations which limit
development and harvesting activities within those areas (MDIFW 1990). The basic criteria for
determining whether an area may be a suitable as primary DWA is crown closure (cover) ≥ 70%
of mixed or pure stands of northern white-cedar, hemlock, spruce and fir; and stand height ≥ 10.7
m (MDIFW 2010). Recent research has shown that while DWA zoning has been effective at
slowing the reduction of mature conifer forest in those areas, the spatial pattern of zoning has led
to increased fragmentation on the landscape as a whole, possibly enough to negate the positive
effects of DWAs (Simons-Legaard et al. 2018). In addition, the harvesting restrictions associated
with DWAs have in some cases disincentivized active management of these areas, and may over
time lead to deterioration of adequate winter habitat conditions within some zoned areas
(Bothwell 2017).
1.8

Landowner behavior
Family landowners control more than half of the forests in the northern U.S. (U.S. Forest

Service 2005), and influence timber supply, habitat provision, and other critical ecosystem
services. While it is important to know why and how these owners are managing their

15

woodlands, and to increase knowledge and improve management decisions within this group, the
sheer number and small size of ownerships makes it difficult to study or influence practices.
Silver et al. (2015) conducted a review of 128 articles about private woodland owner timber
harvesting behavior, and found that only nine researchers studied actual behavior. The remaining
papers reported stated intentions, potential behavior, or past harvesting activities. Importantly,
landowner intentions do not always align with harvesting behavior (Karppinen 1998). Some who
do not plan to cut then do harvest, and others who had expected to harvest do not end up doing
so.
Broad scale data do give some idea of harvesting activities. In 2016, there were 95,088
hectares commercially harvested on non-industrial, non-investor land in Maine (Maine Forest
Service 2017). On non-industrial land under 405 hectares, 65% of harvests occurred without
supervision of a licensed forester. While shelterwood silviculture, or removal of the overstory
where advance regeneration is present, was the most commonly reported type of cutting on
industrial and investor land, partial harvests of single trees and small groups of trees
predominated on family forest land (Maine Forest Service 2017). However, these broad
classifications of harvest type do not indicate the intention or quality of the harvest and could
include overstory removals, small clearcuts, diameter-limit cutting, and single-tree selection
harvests.
1.9

Focus of thesis
Forest management is complex. Varied silvics, competing values, and financial needs

combine to make management decisions exceedingly difficult. Ideally, landowners will manage
their forests in a way that is acceptable in the present and does not impair conditions in the
future. Small landowners, who profess to be concerned with wildlife habitat and aesthetics, may
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not be aware of the consequences of their harvesting decisions on future forest conditions. They
also might not know that it is possible to receive income from their forests in ways that maintain
and improve forest conditions relative to other goals. While myriad scientific studies provide
valuable information regarding components of forest management, a landowner or even
professional forester may find it difficult to interpret or apply research to a given site or to
compare options. By increasing landowner knowledge of forest management (Figure 1.1), we
may improve stand- and landscape-level outcomes.

Figure 1.1 Conceptual model of landowner influence on stand- and landscape-level outcomes
from forestry (e.g., provision of timber, habitat quality, age structure of forests). Yellow
highlighting indicates areas that this work seeks to improve: landowners’ knowledge of possible
management options, and communication of that information between foresters and landowners.
This work uses a single long-term dataset to assess and compare a broad array of forest
management alternatives. This is a rare opportunity in the northern conifer forest to compare
economic, silvicultural, ecological, and aesthetic outcomes and communicate these findings to
scientists, foresters, and non-experts. Consideration of multiple goals and outcomes, short- and
long-term, will improve decision-making and outcomes for the forest landscape. As a
continuation of this work, results will be synthesized and combined with photographs to create a
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booklet aimed at landowners, as well as a film featuring this study and highlighting important
forest management considerations.
Chapter 2 reports silvicultural and economic results of the CMS, including growth, tree
quality, species composition change, and harvest revenue. Chapter 3 highlights ecological results
including species and structural diversity, climate change adaptability, and carbon stocks.
Chapter 4 synthesizes results in order to assist with decision-making in this forest type and
beyond.
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2

CHAPTER 2

EFFECTS OF FOREST MANAGEMENT ALTERNATIVES ON COMPOSITION,
QUALITY, GROWTH, AND VALUE IN NORTHERN CONIFER STANDS1
2.1

Abstract
Long-term outcomes of silviculture in mixed-species stands are difficult to predict and

replicated long-term observations are relatively rare. This study took advantage of a 65-year
study at the Penobscot Experimental Forest in Maine, U.S. to compare northern mixed conifer
forest development under different management regimes. Nine treatments, including single-tree
selection and uniform shelterwood systems, commercial clearcutting (removal of all
merchantable trees), and fixed and modified (guiding) diameter-limit cutting were assessed for
long-term growth, yield, composition, quality, and financial outcomes. While fixed diameterlimit cutting has been practiced extensively in the U.S. and Canada due to short-term financial
gains, results from this work showed poor tree quality, small size, and low residual stand value
relative to variants of selection cutting over the long-term. Similarly, commercial clearcutting
had low financial returns, poor tree quality, and undesired species after multiple harvests. In
contrast, uniform shelterwood maintained desired species composition and good tree quality, but
might not perform well economically without markets for small-diameter softwoods. Single-tree
selection cutting maintained high growth rates, good tree quality, and high stand value,
particularly when applied on a short cutting cycle, but failed to recruit enough small-diameter
spruce to meet strict diameter distribution goals and was not always economically viable.
Modified diameter-limit cutting resulted in high growth and stand value, and with harvest

1

This chapter is a manuscript in preparation for submission to the Canadian Journal of Forest Research and
is formatted as such.
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volume limits and seed tree retention is more appropriately characterized a silvicultural system
than exploitive harvesting. Overall, treatments focused only on short-term financial gain led to
degraded stand conditions, while those which sought to grow high-quality trees of valuable
species resulted in better outcomes over the long term.
2.2

Introduction
There is immense value in the insights gained from long-term forest management studies

(Lugo et al. 2006; Olson and Saunders 2017; Pretzsch et al. 2019). Yet because trees grow
slowly relative to other commercial crops, it can be challenging to ensure the continuity of land
ownership, researchers, and funding required to maintain operational-scale experiments for many
decades (Ostrom and Heiberg 1954). In addition, although studies of a subset of silvicultural
treatments are fairly common, e.g. thinning experiments as described by Curtis et al. (1997) and
Pretzsch (2005), long-term experiments in a given forest rarely include a wide array of even- and
uneven-aged silvicultural systems, replicated, with repeated treatment and inventories. For these
reasons, robust assessment of forest management outcomes is limited in many forest types. This
problem is compounded in regions where mixed-species, multi-aged forests predominate, due to
the poor performance of growth and yield models in complex stands (Ex et al. 2014) and
uncertainty about responses of co-occurring and competing species to management disturbance.
Historical land clearing for agriculture, subsequent farm abandonment, and a century or
more of selective harvesting have interacted with natural disturbances to create complex tree
species mixtures in many naturally regenerated forests in North America (Whitney 1994). The
Acadian Forest region of northern New England in the U.S. and southern Quebec, New
Brunswick and Nova Scotia in Canada (Braun 1950) is an ecotone characterized by the cooccurrence of softwoods (e.g., Picea, Abies, and Tsuga) and hardwoods (e.g. Populus, Betula,
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and Acer) with a wide range of silvical properties, competitive abilities, and production
potentials. Natural disturbances are predominantly small-scale windthrow events and single-tree
mortality. Stand-replacing natural disturbances are rare, usually due to hurricanes or periodic
outbreaks of native pests; the return interval for fire is 800-1150 years (Lorimer 1977).
Human impact, meanwhile, is much more prevalent. Forests of the Acadian region have
long been economically important (Westveld 1938), with primary utilization for sawtimber and
softwood or hardwood pulp. Many northern conifer forests in the region have been harvested in
the past 150 years, with a long history of opportunistic diameter-limit cutting and extensive
clearcutting following spruce budworm (Choristoneura fumiferana) epidemics (Seymour 1992).
However, repeated selective removal of large trees and desired species has simplified forest
structure and shifted composition away from the late-successional, slow-growing species that
were historically more abundant (Irland 1999). This combination of natural disturbances and
harvesting perpetuates a mixture of hardwoods and softwoods of varying shade tolerances
(Seymour 1995). Stand structure and proportion of tree species have been further modified by
site and land use history, resulting in diverse stand conditions that require careful management to
create and maintain desired outcomes.
Under these circumstances, assessment of long-term outcomes of forest management
alternatives is critical to inform sustainable management. Recommended silviculture practices
for commercial forests in the region generally favor red spruce (Picea rubens Sarg.) over balsam
fir (Abies balsamea [L.] Mill.), as it is more commercially desirable and longer-lived than fir,
and less susceptible to defoliation and mortality from the native spruce budworm. However, red
spruce is harder to regenerate than fir, and the factors limiting red spruce regeneration have long
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been a topic of study given the management challenges presented by a lack of recruitment (e.g.,
Westveld 1930; Brissette 1996; Moores et al. 2007; Dumais et al. 2019).
A long-term study of different silvicultural techniques common in the Acadian Forest
region – the Compartment Management Study (CMS) – has been carried out on the Penobscot
Experimental Forest (PEF) in central Maine, U.S. without interruption since 1952. The CMS
provides a rich opportunity to assess long-term outcomes from silviculture and exploitive
harvests. Results have been reported several times: notably by Frank and Blum (1978) after 20
years of study and by Sendak et al. (2003) after 40 years, and several management
recommendations have emerged from the CMS, including a silvicultural guide for spruce-fir
(Frank and Bjorkbom 1973) and a primer on the effects of diameter-limit cutting and silviculture
(Kenefic and Nyland 2005). This paper expands and continues analysis of the CMS by
incorporating an additional 25 years’ data since 40-year results presented by Sendak et al.
(2003), assessing financial outcomes, and applying a wider variety of analytical approaches. The
present study also considers the changing market and environmental conditions in which forest
managers operate. Finally, initial CMS objectives and early results are revisited, in recognition of
the fact that findings often become apparent only through repeated treatment and long-term
monitoring, and are not always part of the original intent of a study.
The goals of the research reported here are to (1) determine how a range of even- and
uneven-aged silvicultural treatments and exploitive harvests affect net and gross volume growth,
tree species composition, tree quality, and harvest revenue; and (2) assess implications of these
findings for long-term sustainability of alternative management approaches for coniferdominated Acadian Forest stands. Investigated treatments include variants of uniform
shelterwood system (with and without thinning), single-tree selection system, modified (guiding)
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and fixed diameter-limit cutting, and commercial clearcutting (removal of all merchantable
trees). Based on earlier findings (Sendak et al. 2003, Kenefic et al. 2005) and silvics of the
dominant species, we anticipated that single-tree selection cutting on short (5- to 10-year) cutting
cycles and uniform shelterwood cutting would lead to greatest control over species composition
and tree quality along with high growth rates, and that exploitive treatments (diameter-limit
cutting and commercial clearcutting) would lead to poor tree quality, undesired species
composition, and lower growth rates. Furthermore, we expected that single-tree selection cutting
on a 20-year cycle and modified diameter-limit cutting on a 20-year harvest interval would have
similar results over time.
2.3

Methods
Study site
The 1,619-ha PEF is located in Bradley and Eddington, Maine (44°52'44"N, -

68°39'12"W). It lies in the southern portion of the northern conifer (Acadian) forest type, which
includes northern Maine, adjacent southeastern Canada, and higher elevations of northern New
York, Vermont, and New Hampshire (Rowe 1972). This is a mixedwood forest type dominated
by shade-tolerant species including spruce (especially red spruce) and balsam fir with
components of eastern white pine (Pinus strobus L.), northern white-cedar (Thuja occidentalis
L.), eastern hemlock (Tsuga canadensis [L.] Carr.), and hardwoods including red maple (Acer
rubrum L.), aspen (Populus spp.), and birch (Betula spp.) (Seymour and Hunter 1992). Mean
elevation on the PEF is 43 m, and mean temperatures are -7.1°C in February and 20.0°C in July.
Mean annual rainfall is 106 cm and mean annual snowfall is 239 cm. The terrain is fairly flat
with low ridges and some very wet low areas.
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Soils on the PEF, classified by the Briggs (1994) system, range from somewhat
excessively drained to very poorly drained; most of the study area is somewhat poorly to poorly
drained. Soils derived from glacial till account for most of the area within this study (76% of
plots). Well-drained Plaisted loams and stony loams and moderately well-drained Howland
loams and sandy loams form ridges, while poorly and very poorly drained Monarda and
Burnham loams and silt loams occupy flat areas between ridges. Shale outcroppings are covered
by a thin mantle of Thorndike stony and very stony loams (Safford et al. 1969). The lowest areas,
in depressions and along water courses, have soils derived from marine sediment, including
moderately well-drained Buxton silt loam, poorly drained Scantic silt loam, and very poorly
drained Biddeford silt loam and silty clay loams (Natural Resources Conservation Service 2012).
The harvesting history of the PEF is not well documented before 1950, but periodic
partial harvesting led to an uneven size structure and few trees larger than 30 cm in diameter at
breast height (dbh) at the time studies were initiated (Sendak et al. 2003; Kenefic and Brissette
2014).
Treatments
The U.S. Forest Service initiated the CMS in 1952 to assess a range of treatments
relevant to forest industry, measuring production and financial feasibility across multiple
silvicultural systems (Kenefic et al. 2014b). The study was created at a time when Marinus
Westveld, a leading Forest Service researcher in the region, was promoting uneven-aged
silviculture for spruce-fir forests (Westveld 1953). The original emphasis of the CMS was
comparing selection systems against exploitive commercial clearcutting and diameter-limit
cutting, but even-aged shelterwood systems were included at the urging of David M. Smith of
Yale University (Kenefic et al. 2014b). Exploitive harvesting treatments, common at the time of
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study initiation and still practiced in the region today, focus on what is removed and do not
intentionally establish regeneration or create a specific desired residual stand condition. In
commercially clearcut stands, all merchantable trees are removed. In fixed diameter-limit
cutting, all merchantable trees over a certain diameter (which varies by species) are removed. A
compromise is found in modified diameter-limit cutting – also called guiding or flexible
diameter-limit cutting (Miller and Smith 1993, Guldin and Baker 1998) – in which the allowable
cut is constrained to net periodic growth.
Two replicates each of 9 treatments (single-tree selection silviculture on 5-, 10-, and 20year cutting cycles, uniform shelterwood with three-stage overstory removal with and without
thinning, uniform shelterwood with two-stage overstory removal, fixed and modified diameterlimit cutting, and commercial clearcutting), plus an untreated area, were established between
1952 and 1957 in experimental units (called compartments or management units, MUs) between
7 and 18 ha in size. Replicates of the same treatment were usually established in different years.
The original CMS study plan was written in 1953 and updated in 1962, 1974, and 2008.
Each iteration included adjustments to prescriptions and measurement protocols. Treatments are
described in detail below.
Even-aged: uniform shelterwood
For the uniform shelterwood treatment with two-stage overstory removal (SW2), a
combined preparatory and establishment cut was applied to two MUs in 1956 and 1957;
overstory removal followed in 1967. Sub-merchantable trees (<16.5 cm dbh) and some larger
trees for which there was no local market were not removed, leaving a basal area of about 7 m2
ha-1 (trees ≥ 1.3 cm dbh) and a two-storied structure with scattered residuals over advance
regeneration. A combined low and crown thinning was applied in SW2 in 2012 to capture
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mortality, remove poor vigor trees and unacceptable growing stock, and increase growing space
available to acceptable growing stock and crop trees. BA reduction (≥ 11.4 cm dbh) was 40%.
For the uniform shelterwood treatment with three-stage overstory removal, without
(SW3) and with precommercial thinning (SW3p), a preparatory cut was applied to two MUs in
1955 and 1957, with an establishment cut approximately ten years later. These first two harvests
removed overmature, defective, and trees of undesired species, and improved spacing to
encourage growth of advance regeneration. Final overstory removals (of all trees ≥ 6.5 cm dbh)
were in 1971 and 1974, leaving approximately 0.7 m2 ha-1. In the following years, herbicides
were used to kill some cull trees. The MUs were split in half in the early 1980s. One portion of
each has not been harvested since the final overstory removals in the 1970s. The other portions
received precommercial thinning to a spacing of 2 by 3 m in 1983 and 1984. Between 2002 and
2015, the precommercially thinned portions were commercially thinned as part of a study
conducted by the University of Maine, Cooperative Forestry Research Unit (Seymour et al.
2014). Treatment and sampling protocols changed at that time and were no longer continuous
with the rest of the CMS. As such, analyses of these MUs were restricted to time periods prior to
the commercial thinning treatments.
Uneven-aged: single-tree selection
Single-tree selection treatments on 5-, 10-, and 20-year cutting cycles (S05, S10, and S20,
respectively) were managed with the BDq method (Guldin 1991), where B is the residual basal
area, D is the maximum residual diameter, and the q factor is used to calculate the target residual
number of trees in each diameter class. The q-factor, residual basal area goal, and maximum
diameters for each cutting cycle were adjusted in each study plan (Table 2.1).
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Table 2.1. Prescription details for selection treatments: range of goals for residual basal area, qfactor, and maximum diameter presented in 1953, 1962, 1974 and 2008 CMS study plans. The
2008 plan contained species specific q-factors and maximum diameters.
S05

S10

S20

Residual BA goal (m ha )
in trees ≥ 11.4cm dbh

18-24

19-24

16-18

q- factor (2.54-cm dbh
classes)

1.2-1.4

1.2-1.4

1.2-1.4

Maximum diameter (cm)

48-56

46-51

41-46

2

-1

In the most recent study plan, species-specific q-factors and maximum diameters were
developed (Brissette and Kenefic 2008). Marking guidelines for all treatments prioritized
removal of cull (<50% merchantable) and high-risk trees, release or thinning of potential crop
trees, and removal of trees beyond maximum diameters. Starting in the 1980s, small gaps were
created by removing two to three adjacent overstory trees during some stand entries after
observing a lack of regeneration within single-tree-sized gaps. Also starting at that time, postharvest mechanical (brushsaw) release of sapling spruce and other desired submerchantable trees
(releasing between 4 and 26 trees ha-1) was conducted periodically in the 5- and 10-year cutting
cycle treatments. Finally, although harvests occurred regardless of pre-treatment basal area for
the first 50 years of the study, those after 2003 were postponed until the next scheduled entry
unless allowable cut (the difference between pre-cut and target post-cut basal area) was at least
0.23 m2 ha-1 multiplied by years in the cutting cycle (i.e., 1.15 m2 ha-1 for S05). This resulted in
one skipped harvest in both S05 and S10 between 2004 and 2008. In total, there have been 12
harvests in S05, six in S10, and four in S20; the most recent harvests occurred between 2012 and
2018.
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Exploitive harvesting
In the fixed diameter-limit (FDL) treatment, all merchantable trees above species-specific
diameter limits (Table 2.2) were harvested from two MUs every 20 to 25 years, beginning in
1952 and 1956. Cull trees were left standing. These MUs have been harvested three times, most
recently in 1992 and 2001.
In the modified or guiding diameter-limit (MDL) treatment, most merchantable trees
above species-specific diameter limits (Table 2.2) were harvested from two MUs every 20 years
starting in 1955 and 1957. Some trees above diameter limits were retained to provide seed source
or wind protection for the residual stand, and some trees below diameter limits were harvested to
capture mortality. Allowable cut was defined as volume growth since the previous harvest and
diameter limits were adjusted at each entry in accordance with allowable cut. These MUs have
been harvested four times, most recently in 2015 and 2017.
Table 2.2. Diameter limits (cm dbh) for fixed diameter-limit (FDL) and modified diameter-limit
(MDL) treatments.
Species

Initial harvest

2nd harvest

3rd harvest
MDL

4th harvest

FDL

MDL

FDL

MDL

FDL

Balsam fir

17

17

17

17

11

Cut none

17

Spruce species

24

24

24

37

24

37

37

Eastern
hemlock

24

24

24

32

24

34

32

White pine

27

17

29

37

27

44

37

Larch

17

N/A

29

29

11

Cut none

17

Northern whitecedar

19

N/A

19

19

19

22

19

Paper birch

19

19

22

24

19

Cut none

24

Other
hardwoods

17

17

17

14

11

Red maple:
24

17

28

MDL

In the commercial clearcut or unregulated harvest (CC) treatment, all merchantable trees
were harvested, while cull trees and those of poor form and undesired species were left. There
have been two harvests in this treatment, first in 1953 and 1957 and most recently in 1982 and
1988. The second harvest removed much more volume than the first, as merchantability
standards had broadened.
Natural area
Although not included in the initial study design, MU 32 was added in 1954 in an area of
the PEF not contiguous with the CMS. It was subdivided into MUs 32a and 32b in 1993,
recognizing that these two portions of the stand were developing along different trajectories
(Sendak et al. 2003). However, these are not true replicates, and not a representative control area.
Management unit 32b is dominated by sawtimber-size hemlock (48% of basal area) and white
pine (34%) while balsam fir is less than 1% of basal area. MU 32a is predominantly balsam fir
(40% of basal area) and hardwoods (30%). Difference in stand development is likely due to
differing soils and species compositions (Puhlick et al. 2019). The natural area is not included in
statistical analyses, but results from MUs 32a and 32b considered as a single stand were included
for comparison with some treatment results.
Data collection
Each MU contains 8 to 21 systematically located permanent sample plots, with a nested
design consisting of 0.08-, 0.02-, and 0.008-ha circular plots with the same plot center. Trees ≥
11.4 cm dbh (measured at 1.37 m) were measured on the 0.08-ha plot, trees ≥ 6.5 cm dbh were
measured on the 0.02-ha plot, and trees ≥ 1.3 cm dbh were measured on the 0.008-ha plot.
Inventories were conducted every 5 to 10 years as well as before and after every harvest. At each
inventory, species, dbh, and status of each in-plot tree was recorded. Status codes indicate live,
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merchantable, cull, mortality (living at previous inventory), deadwood (dead at previous
inventory) and ingrowth into 1.3, 6.5, or 11.4 cm dbh classes. Trees classified as cull were
estimated to be < 50% merchantable by volume. Diameter at breast height of trees ≥ 1.3 cm dbh
was recorded by 2.6-cm classes. (See Waskiewicz et al. (2015) for a description of measurement
protocols.) For five plots within each MU of the S05, SW3, and CC treatments, soil parent
material and depth to redoximorphic features were determined from field measurements and
laboratory analysis (Puhlick et al. 2016c). For other plots, parent material was determined using
a second-order soil survey (Natural Resources Conservation Service 2012) and depth to
redoximorphic features was determined through field measurements (Olson et al. 2019).
Between 2012 and 2015, trees ≥ 11.4 cm dbh on at least one-third of plots in each MU
were recorded as Acceptable Growing Stock (AGS) or Unacceptable Growing Stock (UGS,
Nyland 2016, p. 240). AGS trees had at least one sound 2.4-m log and were expected to increase
in volume and value, while UGS were not expected to increase in volume or value. Risk factors
such as animal or logging damage, decay, structural weakness, and poor vigor were considered
in making this determination (Kenefic et al. 2018).
Forty-seven or about 15% of plots included gravel roads within the 0.08-ha plot area.
Expansion factors for calculating per-ha values were adjusted for these plots based on amount of
overlap with the gravel road as calculated in ArcMap (ESRI 2018). Adjusted values for stems ha1

and/or basal area ha-1 of nine plots were more than two standard deviations from the mean;

these plots were removed before analysis.
Harvests
Each MU was commercially logged by independent contractors, and stumpage was sold
through bid or negotiation process. Logging technology has changed considerably since the early
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1950s and methods have included horse logging and cut-to-length systems, but the majority of
harvests were conducted with chainsaws and wheeled skidders. Except for the CC harvests and
final overstory removal for SW2 and SW3, trees were marked to cut by Forest Service crews of
staff and students. Records of logging and stumpage sales are missing for some MUs and
harvests.
Data calculations
A model to predict tree heights was created using 6,902 measurements throughout the
study area. The model was adapted from Robinson and Wykoff (2004) and uses MU, plot, and
species as random effects (conditional R2 = 0.92). Total and merchantable volume were
determined with regional species-specific taper equations from Li et al. (2012) and Weiskittel
and Li (2012). Trees were considered merchantable with a minimum 11.4 cm dbh, 10 cm stump
height, and 10 cm top diameter.
Volume growth
Gross volume growth is the volume of live trees at the most recent inventory, plus
volume of trees that were harvested or died during the study period, minus the volume of live
trees at the first inventory. Net volume growth is gross volume growth minus mortality. Volume
growth rates during the study period were calculated for both gross and net growth, at each
inventory, as the total growth until that time divided by years since the first inventory, as age
measurements were generally not available.
Harvest revenue
Due to incomplete records of actual stumpage from harvests, harvest revenue was
calculated based on inventory and published stumpage price data. Harvested volume was
calculated as the difference in merchantable (≥ 11.4 cm dbh, live, non-cull) volume between pre31

and post-harvest inventories, grouped by species. Estimated pulp and sawtimber volumes of each
species were multiplied by inflation-adjusted prices for the year in which the harvest occurred.
Stumpage was calculated using price reports from University of New Hampshire Extension from
1950 to 1958 (UNH Extension 2018) and the Maine Forest Service from 1959 to 2017 (Maine
Forest Service n.d.). The stumpage price reports do not include all species present on the PEF,
and group spruce and fir as one. Species such as elm (Ulmus spp.), black cherry (Prunus
serotina), and black ash (Fraxinus nigra), present in very small quantities in the CMS, were
grouped with hardwoods of a similar stumpage price.
Marking costs were rarely recorded, and were calculated for this analysis based on
regression equations created at the PEF (Sendak 2002). Costs represent the time of three field
crew members, one tallying and two measuring dbh and painting trees. Treatment was not found
to be important by Sendak (2002), and calculations are based on volume of wood harvested and
an hourly rate of pay ($13 hr-1 for students for the purpose of this analysis). Only CC and the
final overstory removal of the shelterwood treatments were not marked; marking costs were
subtracted from all other harvests.
The sum of calculated stumpage from all harvests was discounted to 1950 with several
discount rates to simulate the decision of a forest manager comparing alternatives for managing
land for financial return. A higher discount rate gives greater preference to harvest returns
received closer to the start, in this case 1950. The 6% rate represents a financially driven
investment company, the 4% discount rate has been used by the U.S. Forest Service on National
Forest Lands (Row et al. 1981), and the 2% rate represents a landowner with multiple-use values.
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Figure 2.1. Comparison of inventory calculations vs. records on file for volume and revenue of
individual harvests. Black line indicates 1:1 ratio.
Stumpage records for close to half of the harvests were retained in files at the PEF. Those
records of actual stumpage received and volumes removed were compared to calculations based
on inventory data (Figure 2.1). Most stumpage records were from the periods 1967-1977 and
2013-2018, with a few scattered records from other years. Inventory-based stumpage
calculations tended to be slightly higher and volume calculations tended to be slightly lower than
stand-level values on file. Differences might be attributed to sampling error associated with plotderived versus stand-level data, but variability in local markets is also important. For example, in
Penobscot County (where the PEF is located) the price of spruce-fir in 2010 ranged from $15 to
$200 mbf-1 (Maine Forest Service 2011). Because of the uncertainty associated with these
calculations, stumpage-related data were not tested for statistically significant differences among
treatments.
Statistical analysis
Volume growth, volume at most recent inventory, percentage basal area in large trees (≥
30 cm dbh), percentage basal area in selected species, percentage basal area in UGS, and
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percentage cull volume (≥ 11.4 cm dbh) were compared among treatments using linear mixedeffects models, with repeated measures when applicable.
Given the diversity of site conditions at the PEF, additional plot-level covariates tested
for inclusion in each model were soil parent material (marine sediment, glacial till, organic, or
alluvial), soil drainage class (Briggs 1994), mean elevation in the 0.08-ha plot based on a 1-m
digital elevation model, and harvest index (a compilation score based on volume harvested and
years since harvest; Puhlick et al. 2016a). Time, as the number of years since the first inventory
in each MU, was included as a fixed effect and tested as an interaction with treatment. Parent
material and drainage class were correlated as well as potentially confounded, and were tested
separately for inclusion in models. Parent material was not included in any of the final models.
MU and plot-within-MU were included as random effects, and potential spatial
autocorrelation was accounted for by including latitude and longitude of each plot. Models were
created using the lme function in the nlme package (Pinheiro et al. 2018) in R version 3.5.1 (R
Core Team 2018). Models were selected based on the lowest AICc value with all variables
significant at a 0.05 level. When AICc values were ± 5 in different models, the more
parsimonious model was chosen. Pairwise differences between treatments were assessed using
the emmeans and cld functions in the emmeans (Lenth 2019) and multcomp (Hothorn et al.
2008) packages in R. Differences between treatments were considered significant at the 0.05
level.
Species composition, as percent basal area of trees > 1.3cm dbh in a given species, was
compared at the first (pre-treatment) and most recent inventory within each treatment. One-way
ANOVA tests were conducted with plot-level data. Assumptions of normality were checked
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visually, and if the distribution was not normal, a Kruskall-Wallis rank sum test was applied.
Both tests were conducted with base functions in R (R Core Team 2018).
2.4

Results
Statistical models
Final models are summarized in Table 2.3. Where there was a significant interaction of

treatment and years in the final model, graphs showing change over time in the response variable
are included in Appendix A. Results of models with repeated measures are reported at the study
midpoint, around year 30.
Table 2.3. Inclusion of fixed effects in repeated-measures models for each response variable
(random effects were MU and plot-within MU). Treat = treatment; Years = number of years
since study start, HI = Harvest Index, %SP = percent basal area in spruce species ≥ 1.3 cm dbh in
first inventory, %EH = percent basal area in eastern hemlock ≥ 1.3 cm dbh in first inventory,
Elev. = mean elevation of plot.
Response variable

Explanatory variables included
(p < 0.05)

Marginal
R2

Conditional
R2

RMSE

Spruce (% BA ≥ 1.3 cm dbh)

Treat, Years, Treat*Years, HI, %SP

0.39

0.59

1.28

Hemlock (% BA ≥ 1.3 cm dbh)

Treat, Years, Treat*Years, HI,
%EH, Elev.

0.59

0.61

1.47

Spruce (% BA, 1.3 to 6.4 cm dbh,
most recent inventory)

Treat, Elev.

0.26

0.92

1.82

Cull (% volume ≥ 11.4 cm dbh)

Treat, Years, Treat*Years, HI, Elev.

0.36

0.38

1.71

Trees > 30 cm dbh (% BA)

Treat, Years, Treat*Years, HI

0.61

0.63

1.60

Gross volume growth

Treat, Years, HI

0.28

0.34

1.29

Net volume growth

Treat, Years, HI

0.27

0.35

1.27

Volume at most recent inventory

Treat, HI, Drainage Class

0.56

0.96

27.11

UGS (% BA ≥ 11.4 cm dbh)

Treat

0.40

0.95

1.69

Growth
Gross volume growth was significantly greater in MDL (4.57 m3 ha-1 yr-1) and S05 (4.46
m3 ha-1 yr-1) than CC (2.47 m3 ha-1 yr-1) (Table 2.4), and net growth was significantly greater in
S05 (4.20 m3 ha-1 yr-1) and MDL (3.61 m3 ha-1 yr-1) than CC (1.97 m3 ha-1 yr-1) (Table 2.4). There
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were no significant differences in starting volume among treatments, although volume at the
most recent inventory was lower in CC and SW2 than S05 (Tables 2.4). There were no
significant differences in harvest or mortality rates among harvested treatments (Table 2.5). The
un-replicated natural area had mortality rates (2.76 m3 ha-1 yr-1) over four times greater than those
of several treatments, and within the range of observed harvest rates, suggesting that all
treatments successfully captured mortality.
Table 2.4. Observed mean (standard error) volume at first inventory, for which tests showed no
differences among treatments (p>0.05). Estimated marginal means (standard error) for gross and
net volume growth at observation midpoint (approx. year 30), and volume at most recent
inventory. Different letters indicate significant differences among treatments (p<0.05).
Treatment

Starting volume
(m3ha-1)

Volume at most
recent inventory
(m3ha-1)

Gross growth
(m3ha-1year-1)

Net growth

S05

158.13 (18.26)

183.6 (18.0) b

4.46 (0.29) b

4.02 (0.28) c

S10

141.64 (13.17)

137.0 (18.2) ab

3.98 (0.29) ab

3.10 (0.28) abc

S20

164.23 (4.35)

120.0 (18.1) ab

3.56 (0.29) ab

2.94 (0.28) abc

SW2

165.34 (13.42)

81.3 (16.9) a

3.24 (0.30) ab

2.37 (0.28) ab

SW3

148.29 (7.95)

121.1 (19.2) ab

3.43 (0.30) ab

2.80 (0.29) abc

SW3p

148.29 (7.95)

124.3 (18.9) ab

3.60 (0.29) ab

3.10 (0.28) abc

MDL

156.72 (7.53)

138.7 (18.2) ab

4.57 (0.30) b

3.61 (0.28) bc

FDL

128.89 (15.77)

95.2 (18.2) ab

3.11 (0.29) ab

2.54 (0.28) abc

CC

108.79 (3.51)

58.9 (17.8) a

2.47 (0.29) a

1.75 (0.27) a
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(m3ha-1year-1)

Figure 2.2. Basal area (m2 ha-1 yr-1) trajectories of live trees, by size class: saplings, poles and
small sawtimber, and medium and large sawtimber.
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Figure 2.3. Cumulative net volume growth rate (m3 ha-1 yr-1; >11.4 cm dbh). Net growth was
recalculated at each inventory by dividing total net growth by number of years since first
measurement since age measurements were generally not available. Standard error bars
calculated from mean of values in each MU.

Table 2.5. Observed mean (standard error) total harvest, harvest rate and mortality rates over the
study period (approx. 1953-2018). Tests showed no significant effect of treatment (p>0.05).
Treatment

Total Harvested
Volume (m3ha-1)

Harvest
(m3ha-1year-1)

Mortality
(m3ha-1year-1)

S05

208.76 (6.78)

3.78 (0.21)

0.59 (0.07)

S10

147.54 (20.4)

2.34 (0.31)

0.98 (0.07)

S20

194.10 (2.26)

3.62 (0.17)

0.78 (0.05)

SW2

202.89 (36.34)

4.39 (0.21)

0.86 (0.08)

SW3

170.42 (8.02)

3.35 (0.24)

0.37 (0.06)

SW3p

170.42 (8.02)

4.39 (0.21)

0.30 (0.04)

MDL

241.80 (40.12)

4.31 (0.23)

1.09 (0.08)

FDL

194.62 (24.45)

3.65 (0.15)

0.54 (0.05)

CC

139.80 (3.58)

2.73 (0.14)

0.57 (0.05)

Quality and size
Percentage of cull volume in live trees ≥ 11.4 cm dbh was significantly greater in FDL,
MDL, CC, and SW2 than in S05, S10, SW3 or SW3p (Table 2.6) at study midpoint, although
there was a significant interaction of treatment and time (Table 2.3; Figure A.4). Similarly,
percentage of basal area in UGS was significantly greater in CC (35%) and FDL (50%) than in
S05 (0.4%). Unacceptable growing stock may still be merchantable and not necessarily cull, but
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is an indicator of poor tree quality for timber or high risk of mortality (lost production), and the
mean percentage of basal area classified as UGS was more than twice as high in FDL and CC
than in any of the other treatments (Figure 2.4).
bc
bc

abc
abc
ab
ab

ab

a

Figure 2.4. Observed mean Unacceptable Growing Stock (UGS) as a percentage of basal area in
live trees ≥ 11.4cm dbh approximately 60 years after the initial treatment. Standard error bars
calculated from mean of values in each MU.
Percentage of basal area in live trees ≥ 30 cm dbh (i.e., medium and large sawtimber) at
the study midpoint was significantly greater in all the selection treatments and MDL than in the
shelterwood treatments, CC or FDL (Table 2.6), although there was a significant interaction of
treatment and time in the model (Figure A.5). Basal area trajectories suggest that S05 and MDL
have generally maintained a consistently higher amount of medium and large sawtimber than
other treatments (Figure 2.2). Basal area in medium to large sawtimber in other harvested
treatments appears to be lower and/or more variable over time.
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Figure 2.5. Species-specific diameter distributions (log-10 transformed y-axis) for selection
treatments at most recent inventory (approx. 2015), compared with goals from 2008 study plan.
RS= red spruce, BF= balsam fir, EH= eastern hemlock.

While the selection treatments have only had species-specific structural goals since the
2008 study plan revision, comparison between those structural targets and the most recent postharvest inventory suggests that goals for spruce in particular have not been met (Figure 2.5). In
all selection treatments, there were too few trees in the 10-20 cm dbh classes and too many trees
in larger classes at the most recent inventory relative to the structural targets.
Composition
At the study midpoint, there was a significantly lower percentage of basal area of spruce
≥1.3 cm dbh in CC than any other treatment except SW2 (Table 2.6), and significantly more
basal area in eastern hemlock in MDL than in SW2, SW3, SW3p, or CC. Statistical models of
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spruce and hemlock included percent basal area in spruce or hemlock in the initial inventory as a
covariate, and there was a significant interaction of treatment and time (Figure A.2; Figure A.3).
There was no significant difference among treatments in percentage balsam fir or hardwoods
when applying repeated-measures analysis and assessing results at the study midpoint.
Table 2.6. Estimated marginal means (standard error) of UGS BA, Cull volume, BA in trees
>30cm dbh, and BA in spruce and eastern hemlock. Except BA in spruce 1.3 to 6.4 cm dbh,
results are from study midpoint (approx. year 30). Different letters indicate significant
differences among treatments (p<0.05).

Percentage
BA in spruce
(≥ 1.3 cm)

Percentage
BA in
hemlock
(≥ 1.3 cm)

Percentage
BA in spruce
(1.3 to 6.4
cm), most
recent
inventory

0.4 (0.3) a

15.8 (3.1) bc

15.2 (3.4) ab

1.8 (1.1) abc

0.4 (0.1) a

2.4 (1.6) ab

21.6 (3.9) bc

15.1 (3.4) ab

0.8 (0.5) ab

24.2 (4.9) b

1.1 (0.3) ab

3.0 (2.0) ab

19.0 (3.6) bc

13.0 (2.7) ab

3.1 (1.6) abc

SW2

1.5 (0.4) a

2.7 (0.6) bc

6.3 (3.9) abc

7.0 (1.6) ab

9.1 (2.0) a

2.9 (1.6) abc

SW3

1.1 (0.3) a

0.6 (0.1) a

1.3 (1.2) ab

13.1 (2.8) bc

6.3 (1.5) a

33.5 (15.5) c

SW3p

1.1 (0.3) a

0.4 (0.1) a

not measured

24.4 (4.3) c

5.6 (1.2) a

16.3 (9.1) bc

MDL

14.6 (3.4) b

3.3 (0.7) bc

12.7 (8.2) abc

16.0 (3.2) bc

27.6 (4.8) b

0.3 (0.1) a

FDL

2.8 (0.7) a

6.5 (1.3) c

50.0 (13.1) bc

12.3 (2.5) bc

15.5 (3.1) ab

1.3 (0.7) ab

CC

1.2 (0.3) a

2.9 (0.6) bc

34.9 (12.2) bc

3.5 (0.8) a

7.5 (1.6) a

0.3 (0.2) a

Treatment

Percentage
BA in trees
≥ 30 cm
dbh

Percentage
cull volume
(≥ 11.4 cm)

S05

31.6 (5.8) b

0.6 (0.1) a

S10

11.7 (2.8) b

S20

Percentage BA
in UGS
(≥ 11.4 cm)

When comparing just the first and most recent inventories, certain treatments resulted in
greater change in species composition over the study period than others (Figure 2.6; Tables 2.7
and 2.8). Relative to the initial inventory, all selection treatments had significantly greater basal
area in spruce at the most recent inventory and SW3p had double the percentage of spruce.
Balsam fir significantly increased in FDL, SW3 and SW3p, and significantly decreased in S10
and MDL. SW2, SW3, SW3p, S20, and FDL all had significantly less basal area in hemlock,
while hemlock significantly increased in MDL. Red maple showed a large, significant increase
in CC, as well as smaller, significant increases in S20 and SW2. CC also had an increase in other
41

hardwood species. No treatment significantly decreased red maple. SW3 had significantly more
white pine in the most recent inventory. SW3p, however, removed white pine during thinning
and had greatly reduced white pine composition.

Table 2.7. Observed mean species composition in first (pre-treatment) and most recent
inventories, as percentage of basal area of live trees (standard error) > 1.3 cm dbh. Significant
differences between first and recent inventory by species are shown in bold (p < 0.05). All other
softwoods combined were < 0.5% basal area and are not shown. Changes summarized in Table
2.8.
Treat.

S05
S10
S20
SW2
SW3
SW3p
MDL
FDL

CC

Inv.

Spruce
spp.

Balsam
Fir

Eastern
Hemlock

Red
Maple

White
Pine

Northern
WhiteCedar

Paper
Birch

Other
Hwoods

first

13.4 (2.2)

11.5 (1.8)

40 (4.5)

11.3 (1.5)

2.3 (1.2)

13.6 (2.6)

4.7 (1.4)

3.3 (1.3)

recent

22.5 (3.3)

14.2 (2.2)

43.1 (4.0)

8.6 (1.5)

3.5 (1.7)

4.9 (1.4)

1.9 (0.5)

1.1 (0.7)

first

20.7 (2.5)

35.5 (3.0)

16.5 (3.4)

8.5 (1.6)

2.2 (0.7)

10.1 (2.4)

2.6 (0.8)

3.8 (1.1)

recent

31.9 (3.8)

19.1 (2.7)

20.2 (3.8)

12.9 (1.8)

4.1 (1.3)

8.8 (2.5)

2.2 (0.8)

0.7 (0.3)

first

15.6 (1.9)

16 (2.0)

46.8 (3.2)

3.2 (0.5)

1.9 (0.9)

14.5 (2.5)

1.3 (0.4)

0.6 (0.3)

recent

24.3 (2.8)

16.3 (1.8)

36.2 (3.9)

10 (1.3)

1.4 (0.4)

6.5 (1.6)

4 (0.9)

1.3 (0.5)

first

15.4 (1.7)

26.9 (3.8)

28 (3.9)

7.1 (1.0)

5.2 (1.5)

8.3 (2.1)

5.7 (1.8)

3.4 (1.2)

recent

15.5 (2.1)

26.6 (2.5)

14.2 (2.5)

11.5 (1.7)

8.6 (1.8)

10.1 (2.8)

8.1 (1.7)

5.4 (1.4)

first

19.9 (3.1)

19.4 (4.0)

29.8 (3.9)

7.8 (2.1)

10.2 (1.7)

2.7 (0.9)

9.3 (1.7)

0.9 (0.3)

recent

22.3 (5.7)

38.3 (5.1)

4 (0.8)

6.2 (1.9)

23.8 (4.8)

0.2 (0.2)

1.8 (0.8)

3.4 (1.3)

first

19.9 (3.1)

19.4 (4.0)

29.8 (3.9)

7.8 (2.1)

10.2 (1.7)

2.7 (0.9)

9.3 (1.7)

0.9 (0.3)

recent

44.5 (5.3)

34.8 (4.5)

4.1 (0.9)

4.7 (1.2)

2.8 (0.7)

0 (0)

2.1 (0.8)

7 (1.7)

first

19.3 (2.3)

27.5 (3.8)

24.8 (3.6)

12.3 (2.3)

3.8 (1.2)

5.5 (1.7)

2.7 (0.5)

4 (2.1)

recent

22.3 (2.8)

15.3 (2.3)

37.4 (4.4)

12.4 (2.2)

2.2 (0.9)

6.2 (2.1)

2.2 (0.5)

2 (0.8)

first

17.9 (2.0)

11.9 (1.9)

47.5 (3.8)

8.3 (1.7)

1.1 (0.4)

10.3 (2.2)

1.4 (0.5)

1.6 (0.5)

recent

9.9 (1.4)

27.7 (3.2)

32.9 (4.2)

11.9 (1.6)

2.3 (0.7)

7.1 (2.3)

4.4 (1.0)

3.8 (1.4)

first

11.5 (1.8)

34.3 (2.8)

10.8 (3.3)

10.3 (1.4)

3.3 (1.2)

18.9 (3.6)

5.2 (1.1)

5.7 (1.8)

recent

6.1 (1.9)

40.1 (3.3)

3.6 (1.2)

23.3 (2.5)

3.8 (1.1)

4.5 (1.9)

4.9 (1.1)

13.5
(2.2)
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Figure 2.6. Observed mean species composition (% basal area > 1.3cm dbh) at first
(approximately 1953) and most recent (approximately 2015) inventories by treatment. SP =
spruce species, BF = balsam fir, EH = eastern hemlock, NWC = northern white-cedar, WP =
eastern white pine, RM = red maple, PB = paper birch, HW = other hardwood species. Standard
error bars calculated from mean of values in each MU.
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Table 2.8. Summary of Table 2.7. Significant differences in percent basal area in a species
between first and most recent inventory. A "+" indicates a significant increase and "-" indicates a
significant decrease (p < 0.05).
Treat.
S05
S10
S20

Spruce
spp.

+
+
+

Balsam
Fir

SW3p

+

MDL
FDL
CC

-

Red
Maple

White
Pine

Northern
WhiteCedar

Paper
Birch

Other
Hwoods

-

SW2
SW3

Eastern
Hemlock

+
+
+

+
-

+
+
+
-

-

+

-

-

+
+

+
+

+

There was a significantly higher percentage of BA in spruce saplings (1.3 to 6.4 cm dbh)
in SW3 and SW3p relative to FDL, MDL, CC, or S10 at the most recent inventory (Table 2.6).
Although data suggest the highest basal area in hardwood saplings was in CC (Figure 2.7),
differences among treatments in other species or species groups were not significant.

Figure 2.7. Observed mean percent basal area, by species, of trees 1.3 to 6.4 cm dbh at most
recent inventory (approximately 2015). Other softwoods primarily include eastern white pine and
northern white-cedar. Hardwoods primarily include red maple, aspen species, and birch species.
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Revenue
The undiscounted sum of calculated stumpage from all harvests (Table 2.9) was highest
in MDL, S20, S05, SW2 and FDL, and lowest in CC. The value of timber standing at the most
recent inventory was highest for S05 and S10; the value of harvested plus standing timber was
highest in S05, S10, MDL and S20. Even when starting value is subtracted to account for
variability in pre-treatment condition, harvest plus standing value is lowest in CC. S20, SW2 and
MDL had the highest pre-treatment value, but not the highest value of harvest plus standing
value at the most recent inventory.
Table 2.9. Observed mean (standard error) calculated value of harvested timber and standing
stumpage ($ ha-1 in constant 2017 dollars, approx. 1953 to 2018). Estimated marking costs have
been deducted from harvest totals.

Treatment

Stumpage
value at
first
inventory

Sum of
stumpage
value from all
harvests

Standing stumpage
at most recent
inventory

Sum of stumpage
from harvests and
standing value

Sum of harvest
and standing
minus value at
start

S05

1,835 (324)

2,947 (259)

3,203 (162)

6,150 (421)

4,314 (745)

S10

1,758 (109)

2,116 (167)

2,920 (74)

5,036 (419)

3,278 (327)

S20

2,029 (230)

2,878 (234)

1,837 (134)

4,715 (368)

2,686 (138)

SW2

2,001 (169)

2,997 (486)

1,024 (19)

4,021 (467)

2,020 (298)

SW3

1,758 (179)

2,205 (203)

1,664 (605)

3,869 (402)

2,110 (581)

SW3p

1,758 (179)

2,205 (203)

1,898 (271)

4,103 (68)

2,345 (247)

MDL

1,954 (207)

3,771 (176)

1,761 (28)

5,532 (208)

3,578 (412)

FDL

1,670 (73)

2,853 (584)

942 (76)

3,794 (659)

2,124 (587)

CC

1,420 (258)

2,001 (12)

876 (231)

2,877 (243)

1,457 (15)

When harvest revenue was discounted to 1950, the highest returns at 4% and 6% rates
were from SW2, FDL, and SW3 (Table 2.10). At the 6% rate, CC surpassed the selection
treatments, but not shelterwoods or FDL. At the more conservative 2% rate, all treatments except
S10 remained higher than CC.
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Table 2.10. Observed mean (standard error) calculated stumpage from all harvests (marking
costs deducted), discounted to 1950 with 2%, 4%, and 6% rates to demonstrate comparison of
alternatives as assessed by a forest manager at the beginning of treatment, and observed means
(standard error) of estimated cost of timber marking as a percent of total stumpage revenue.
Higher discount rates preference harvest revenue that occurred closer to 1950. All harvests were
marked except CC and the final overstory removal of SW2 and SW3/SW3p, but records of
marking costs are incomplete so values are calculated.
Stumpage from
all harvests

Treat.

($ ha-1)

2% rate

4% rate

6% rate

($ ha )

($ ha )

($ ha )

% stumpage lost to
marking costs

-1

-1

-1

S05

2,947 (259)

1,490 (63)

877 (151)

583 (163)

21.9 (4.3)

S10

2,116 (167)

1,1238 (125)

845 (104)

635 (91)

10.7 (0.7)

S20

2,878 (234)

1,550 (245)

961 (231)

662 (210)

7.6 (1.1)

SW2

2,997 (486)

1,950 (229)

1,427 (138)

1,109 (98)

4.3 (1.6)

SW3/SW3p

2,205 (203)

1,592 (120)

1,178 (72)

893 (44)

5.0 (1.8)

MDL

3,771 (176)

1,813 (67)

1,041 (46)

687 (48)

6.1 (0.6)

FDL

2,853 (584)

1,765 (363)

1,223 (266)

922 (211)

6.1 (0.5)

CC

2,001 (12)

1,318 (131)

957 (173)

751 (186)

0 (not marked)

The percentage of sawtimber and pulpwood removed in each harvest showed different
trends by treatment (Figure 2.8). In the selection treatments, most dramatically in S05, the
percentage of sawtimber in the harvest showed an increasing trend over time, although overall
harvest volume and actual sawtimber removal was low. In FDL and CC, the percentage of
sawtimber in each harvest appeared to decrease.
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Figure 2.8. Observed mean calculated harvest volumes (m3 ha-1, grey bars) in each harvest, and
percent of harvest volume that was sawtimber (blue line).
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2.5

Discussion
Because a single forester will rarely see results of their management decisions decades in

the future, long-term studies can help forest managers anticipate treatment outcomes and make
decisions that benefit the forest and landowner. While the results of long-term research help
explain treatment outcomes in forest systems, the process of long-term research highlights the
changing priorities and growing knowledge of forest managers and researchers. In the 1950s and
1960s, there was concern in the Acadian Forest region that continued poor cutting practices
would lead to a shortage of spruce and fir pulp supply (McLintock 1962), and researchers set out
to demonstrate the silvicultural and financial benefits of a range of management alternatives.
Managers of the northern conifer forest today still seek to reduce susceptibility to spruce
budworm and other insect pests, ensure sufficient regeneration of desired species, and sustain
growth and financial returns. However, regional markets have recently placed greater value on
hardwoods and sawtimber than spruce-fir pulp (Maine Forest Service n.d.), and will no doubt
continue to shift in the decades to come. Invasive pests such as the balsam woolly adelgid
(Adelges piceae) are present and, along with other pests and diseases affecting northern conifer
forests such as the introduced hemlock woolly adelgid (Adelges tsugae), may affect which
species are deemed desirable for the future. Assessing outcomes of treatments relative to original
goals is still relevant, but new economic and environmental conditions must also be considered.
Selection treatments
The single-tree selection system of uneven-aged silviculture, intended to provide a
sustained yield of products while maximizing growing space allocated to desirable trees, has
been criticized for being overly rigid in its goals and for lacking a biological basis (Seymour and
Kenefic 1998; Keyser and Loftis 2013). Achieving perfect balance is made difficult by mistaking
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size for age, providing inadequate space for regeneration, and creating excess or deficits in size
classes in an attempt to maintain tree vigor (Frank and Blum 1978; Seymour and Kenefic 1998).
In the CMS, the density and composition goals and q-factors were revised with every study plan
when the previous goals were not met. Relative to the structural goal, there was a deficit of
spruce in smaller size classes and overabundance in larger size classes in all selection treatments
(Figure 2.5), indicating that previous harvests neither removed enough large trees nor
successfully recruited spruce. Seymour and Kenefic (1998) determined the age at breast height of
a random sample of hemlock, spruce, and fir in S05, and found that nearly all spruce at that time
were at least 90 years old, trees under 10 years old were almost entirely fir and hemlock, and
there was a deficit of trees in the 20 to 50-year age classes, which should have been regenerated
during the first decades of the study. Rogers et al. (2017) found a similar deficit of small spruce
and excess of large spruce in another study of selection cutting on the PEF. While it is unlikely
that such a complicated prescription (i.e., with a BDq structural goal) would be applied outside
of a research setting, results demonstrate the outcomes of a form of uneven-aged management
common in North American forestry education (e.g., Nyland 2016; Ashton and Kelty 2018), and
serve as an example of a treatment which seeks to improve stand value and quality over time.
Selection cutting on a 5-year cycle achieved high levels of gross and net growth, and
percentage of cull trees and UGS were extremely low. The sum of calculated harvest stumpage
revenue and standing stumpage was the highest of any treatment, even with estimated marking
costs subtracted. Similarly, Rogers et al. (2017) compared value in 5- and 15-year selection,
diameter-limit, and commercial clearcut treatments and found that the highest cumulative value
resulted from 5-year selection. An important limitation with S05 as a system is that very light
frequent harvests (i.e., every 5 years) might not be financially or logistically possible for many
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landowners. In addition, the percentage of stumpage lost to marking costs in S05 was calculated
to exceed 20% (Table 2.10), but is based on student workers at the PEF and is likely higher than
in a normal operational setting due to both the use of a tally person and slow pace of work
resulting from inexperience. Nevertheless, even with a small volume to mark, there is a fixed
cost to timber marking that impacted S05 harvest values. Selection cutting on a 5-year cycle also
had a high percentage of basal area in trees ≥ 30 cm dbh, and percentage of harvested volume
composed of sawtimber showed an increasing trend over time (Figure 2.8). With overall prices
for sawtimber increasing relative to pulp, increasing sawtimber harvests proved beneficial.
However, most calculations of harvest revenue were high relative to actual harvest values
(Figure 2.1), likely because logging costs reduced stumpage revenue from such small harvests.
Yet S05 failed to adequately recruit spruce (Figure 2.5), which may have been
outcompeted by balsam fir and eastern hemlock in the very small gaps created in this treatment.
In fact, Moores et al. (2007) found that there was no level of canopy opening in the PEF
selection stands that conferred a height growth advantage to understory spruce over fir and
hemlock. Dumais and Prevost (2014) similarly found that fir generally outcompeted red spruce
in any gap size, but especially in small gaps associated with single-tree selection. The inability to
regenerate less-tolerant species using single-tree selection has been a frequent finding in other
forest types and has led to greater use of group selection or other regeneration methods that
generate larger canopy gaps (e.g., Leak and Sendak 2002; Schuler 2004; Webster and Jensen
2007).
In S10, basal area in large trees was higher than the shelterwood treatments, FDL, and
CC, and percent cull and UGS was lower than FDL or CC. Spruce sapling recruitment was low
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and at the end of the study period S10 had just 0.8% sapling (1.3 to 6.4 cm dbh) basal area in
spruce, less than SW3 or SW3p (Figure 2.7).
Less frequent harvests in S20 may have reduced opportunities to remove high-risk or
low-vigor trees prior to decline, but growth rates did not differ significantly from those in S05 or
S10. Similarly, percent cull volume, UGS, and mortality in S20 did not differ significantly from
the other selection treatments. There are advantages to fewer, heavier harvests; percentage of
stumpage lost to marking costs was much lower in S20 than S05 (Table 2.10) and the larger
volumes removed in each harvest might make this more financially feasible for some
landowners. Niese et al. (1995) compared three harvest intensities of single-tree selection in
northern hardwoods, and found that while the low-intensity harvest improved stand quality, it
was too light to provide adequate financial returns for most landowners; medium and heavy
selection treatments provided a better balance of income and residual value. Estimated standing
stumpage value at the end of the measurement period was lower in S20 than S05 or S10, likely
due to a heavy recent harvest which reduced the number of large trees. The variability in cutting
cycle among treatments, and in time elapsed between the last cut and most recent measurement,
undoubtedly affected the results presented here. If comparisons were made just before harvest,
not just after, volume and stumpage values would differ.
Shelterwood treatments
The CMS was initiated during what has been called the “selective cutting era,” (Seymour
et al. 2006). The selection system was promoted as the best way to manage spruce-fir forests
degraded by clearcutting (Westveld 1938) and little attention was given to even-aged
silvicultural systems for this forest type (Kenefic et al. 2014b). Several studies were initiated
around the same time at the PEF and other experimental forests, called “cutting practice level”
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studies; these included single-tree selection, diameter-limit cutting, and commercial clearcutting,
but not shelterwood (e.g., Rogers et al. 2017; Schuler et al. 2017). However, around 1960 evenaged forestry became predominant in the region, and the shelterwood treatments studied at the
PEF have provided valuable and relevant recommendations (e.g., Frank and Bjorkbom 1973).
The uniform shelterwood with a three-stage overstory removal, especially with
precommercial thinning, was most effective at creating desired species composition by
increasing spruce and fir and reducing hemlock, northern white-cedar, and paper birch. Although
differences were not significant, SW3p appeared to have a higher growth rate and lower
mortality than SW3, as thinning captured mortality and may have helped maintain high
productivity. SW3 experienced high rates of mortality associated with self-thinning (unpublished
data) during the stem exclusion stage of stand development (Oliver and Larson 1996), although
this was mostly in the < 11.4 cm dbh class and was not captured in the present analysis. Net and
gross growth rates in SW3 and SW3p were higher than reported by Sendak et al. (2003) after 40
years of study, who accurately predicted that growth would accelerate (Figure 2.3). Similar
results are reported by Pitt and Lanteigne (2008) from the Green River thinning trials in New
Brunswick, Canada. Thinned and unthinned spruce-fir stands in that study had increasing growth
rates over the 43 years following thinning, resulting in higher quadratic diameters and
merchantable volumes, effectively shortening the even-aged rotation (Pitt and Lanteigne 2008).
The softwood-dominated, even-aged condition resulting from SW3, consisting of mostly
sapling and pole-sized trees, limits opportunities for harvest in the near future. The current low
price of softwood pulpwood would make a commercial thinning difficult at this time, and small
crowns and height-diameter ratios (unpublished data) mean that opening this stand could make it
susceptible to windthrow (Ruel 1995). SW3 and SW3p had high percentages of basal area in
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spruce and fir at the most recent inventory, making these treatments susceptible in the event of a
spruce budworm outbreak (MacLean 1980). In SW3, 33.5% of basal area 1.3 to 6.4 cm dbh was
spruce at the most recent inventory; these appear to be part of the same cohort as the larger trees
and not indicative of recent regeneration. SW3 increased the percentage of white pine, and with
time these stands may contain valuable sawtimber ready for another shelterwood regeneration
cut and capable of producing good income. White pine was less valuable when the precommercial thinning was conducted in SW3p (Maine Forest Service n.d.) than it is today, and
was greatly reduced in that treatment. Pre-commercial thinning costs were not included in this
analysis, but are important to weigh against resulting increases in value.
SW3p was used by the Cooperative Forestry Research Unit for a study on commercial
thinning starting in 2001. The initial commercial thinnings conducted in 2001 and 2002 yielded
an estimated $1,000 ha-1 in stumpage in 2017 dollars (50% of reported mill-delivered revenue;
Seymour et al. 2014). This corresponded with a period of unusually high spruce-fir pulpwood
prices around 2000 (Figure 2.10) and would not have been possible in 2017. Results from these
commercial thinnings in stands with previous precommercial treatments indicates that they can
increase maximum net present value and reduce the age when maximum net present value is
achieved (Hiesel et al. 2017).
Per the initial study plan, which defined SW2 as a less intensive shelterwood than SW3,
the final overstory removal of SW2 was incomplete, leaving unmerchantable trees and those
smaller than 16.5 cm dbh. This may have impacted regeneration and caused the apparent slight
difference in post-harvest growth rates relative to SW3 (Figure 2.3), as well as higher
percentages of cull trees in SW2 than SW3p. There was little change in spruce and fir
composition in SW2 between first and most recent inventories, but there was a decrease in
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hemlock and increase in red maple basal area. Relative to original study goals, red maple was
undesirable, but it has increased greatly in value in the past few decades (Figures 2.9 and 2.10).
A more mixed species composition in SW2 than SW3 may be beneficial for withstanding future
market changes as well as novel climates, pests, and diseases (Kabrick et al. 2017). Furthermore,
the early overstory removal as well as a heavy commercial thinning in SW2 created high
calculated harvest returns. When assessing financial performance of treatments with all discount
rates, SW2 outperformed the others in terms of harvest revenue; however, the recent commercial
thinning reduced the estimated standing stumpage value to well below three-stage shelterwood,
selection treatments, or MDL.
Commercial clearcutting
Commercial clearcutting, although not a silvicultural system, has long been practiced in
the spruce-fir forests of Maine, and has received criticism for reducing spruce (Westveld 1953;
Hart 1964; Seymour 1992; Kelty and D’Amato 2006). If advance regeneration of red spruce and
fir is not present prior to harvest, stands often become dominated by hardwoods (Westveld 1938;
Hart 1963). Results from the present analysis support this conclusion. By almost any metric, CC
did not achieve desirable outcomes as it had lower growth rates than some of the other
treatments, and over 35% of basal area was UGS in 2015 (Figure 2.4). Basal area of trees ≥ 1.3
cm dbh composed of spruce (3.5%) was lower in CC than all other treatments except SW2
(Table 2.6). CC had the second lowest calculated harvest revenue, even with no marking costs,
and the lowest estimated standing stumpage value at the end of the study period. Even with all
harvests discounted with a 6% rate to 1950, revenue was still higher in SW2, SW3, and FDL
than in CC. This may be partly due to the low starting value of the CC management units, but

54

even when accounting for the starting value, CC still had the lowest net “gain” in value (the sum
of calculated harvest and standing stumpage minus the stumpage value at the start; Table 2.9).
In terms of composition, CC increased percentage of basal area in red maple (many of
which are stump sprouts; Kenefic et al. 2014) and other hardwoods, while basal area in spruce
and northern white-cedar was reduced. Basal area in trees 1.3 to 6.4 cm dbh at the most recent
inventory appeared to primarily balsam fir and hardwoods such as red maple, paper birch, and
aspen (Figure 2.7); this is not indicative of a long-lived, valuable future stand in the eyes of most
managers. Other studies have assessed the potential for rehabilitating commercially clearcut
stands with precommercial thinning, and found that there is benefit to crop tree release for
improving species composition and tree quality (Kenefic et al. 2014; Rogers et al. 2017; Puhlick
et al. 2019).
Diameter-limit cutting
Diameter-limit cutting has been applied in the northeastern United States and adjacent
parts of Canada as long as European settlers have been here, although species harvested and
diameter limits used have changed in response to product demand (Kelty and D’Amato 2006). In
the early and mid-1900s, diameter-limit cutting was presented as a better alternative to
clearcutting which had wiped out much of the spruce-fir growing stock (e.g., Westveld 1930).
Between 1982 and 1995, 82% of partially harvested land in Maine was harvested using a
diameter limit as a guide (Sokol et al. 2004). With adequate advance regeneration and very low
diameter limits this amounts to an overstory removal, but continued removal of large trees
without regard for regeneration or stand tending leads to slow growth rates and poor tree quality
(Nyland 1992; Sokol et al. 2004; Nyland 2005).
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FDL had 50% of basal area in UGS after 60 years, and a significantly higher percentage
of cull volume than selection treatments, SW3 and SW3p. Shuler et al. (2016) similarly found
that diameter-limit cutting resulted in lower tree quality than selection or commercial clearcut
treatments after 60 years in a mixed mesophytic forest in West Virginia, U.S. In the present
study, FDL had lower basal area in spruce and more fir at the most recent inventory relative to
the initial inventory. The percentage of sawlogs to pulpwood decreased with each harvest (Figure
2.8), as large trees failed to re-grow between harvests. Kenefic et al. (2005) found that the
average value per tree in FDL declined over time compared with S20; while tree values in the
first harvest were similar, by the third harvest of each treatment, average per-tree value in FDL
was less than half that in S20. Although differences were not significant, growth rates in FDL
appeared to be below those in any other treatment except CC. FDL performed better financially
than CC, with calculated harvest revenues similar to S05, S20, and SW2 (Table 2.9). However,
the estimated current standing stumpage value was lower than any of those treatments even
although it has been over 30 years since the last harvest. Rogers et al. (2017) similarly found
lower standing value and higher percentage UGS in FDL than in selection treatments in another
study of northern conifers after 60 years of repeated harvests. In northern hardwoods, Niese et al.
(1995) found higher harvest returns in FDL than in selection treatments, but negligible residual
value after multiple diameter-limit harvests.
Though modified (or guiding) diameter-limit cutting was included with FDL and CC as
an “exploitive harvesting” treatment in the CMS study plan, it has marked differences. The
inclusion of seed tree retention, higher diameter limits in later harvests, limit of harvesting to no
more than net periodic growth, and allowance for marking trees below diameter limits to capture
mortality produced comparatively good outcomes from a forest management perspective.
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Guiding diameter-limit has been promoted in central hardwoods as an easier-to-apply alternative
to selection silviculture (Miller and Smith 1993). MDL had gross and net growth rates
comparable to those of the selection and shelterwood treatments, and higher than those of CC.
Basal area in UGS (12.7%) did not differ from those of the other treatments.
MDL had the highest calculated harvest revenue of any treatment, although standing
value was lower than that of the selection treatments despite recent harvests in all. However, the
records of actual harvests on file indicate that while volume calculations were close to those in
the reports on file, revenue calculations may be inflated due to variability in species or product
value in local markets (Figure 2.1). For this reason, financial performance should be interpreted
with caution. The basal area growth trajectories (Figure 2.2) of MDL and S20 appear similar,
except MDL removed more large trees with each harvest. Kenefic et al. (2004) compared MDL,
FDL, CC and S20, and found similar results between S20 and MDL in terms of structure,
composition and quality. MDL increased basal area in hemlock and decreased fir, while other
species remained unchanged over time. Spruce 1.3 to 6.4 cm dbh was lower in MDL then SW3
or SW3p, but did not differ from the other treatments.
A period of change
The price of sawtimber (Figure 2.9) and pulpwood (Figure 2.10) changed dramatically
between 1950 and 2017. The overall price of sawtimber increased for all species analyzed except
eastern hemlock, although the price of spruce-fir and aspen fell dramatically in 2017. Pulpwood
prices increased in the 1990s and 2000s, but the price of spruce-fir pulpwood fell to its lowest
point yet in 2017, and for the past several years has been lower than the price of hardwood
pulpwood. Each of these shifts influenced which species and products were deemed desirable for
harvest or retention. From a current economic perspective, hemlock is less desirable than most
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hardwoods, although this was not the case for the first several decades of this study. Similar price
fluctuations have been observed over time in other regions of the U.S. (e.g., Smith 1988). In
North Carolina hardwoods between 1957 and 1986, changing furniture trends, emerging wood
technology, and other market drivers caused species to increase in value and then drop off, and
silviculture did not always keep up, labeling often-valuable red maple as a weed species and
failing to emphasize white ash (Smith 1988).

Figure 2.9. Sawtimber stumpage prices from 1950 to 2017, smoothed for legibility. Records are
from UNH extension (1950-1958) and Maine Forest Service (1959-2017).

58

Figure 2.10. Pulpwood stumpage prices from 1950 to 2017, smoothed for legibility. Records are
from UNH extension (1950-1958) and Maine Forest Service (1959-2017).
The impact of changes in price on the CMS harvests is reflected in a theoretical
comparison of harvest revenue under different market scenarios. When sawtimber and pulp
prices from 1959 and 2017 were applied to every harvest, regardless of the year in which it took
place, revenue calculations varied greatly and changed in different treatments in different ways
based on the products and species removed. While most treatments increased in revenue with
2017 prices, S20 stayed about the same. With 1959 prices, S20 and SW2 would have performed
about the same, but better than FDL. With 2017 prices, SW2 and FDL surpassed S20.
2.6

Limitations
While these results represent a large-scale, long-term effort on the part of many

researchers over more than six decades, the power of this analysis is limited by having only two
replicates of each treatment and one study location. Incorporating data from other locations and
forest types would strengthen these results. Furthermore, MUs (i.e., experimental units) were
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established on a grid rather than along natural stand boundaries, resulting in high within-stand
variability associated with differences in underlying soil type and drainage among plots. Low
replication and high within-MU variability may limit our ability to detect statistical significance
in treatment effects.
In addition, the treatments included in the CMS do not represent the full suite of
silvicultural systems and techniques being practiced in Acadian northern conifer forests today,
which include silvicultural clearcuts, planting, group selection cutting, and a number of variants
of shelterwood and thinning, as well as natural disturbance-based systems such as irregular
shelterwood (Seymour and Hunter 1992; Raymond et al. 2009). The CMS is one of the longestrunning studies in this forest type, and the most comprehensive in terms of replication and
continuous treatment and inventory over time. Nevertheless, the results of the even-aged uniform
shelterwood treatments in the CMS do not represent a full rotation; future analysis that
incorporates a second shelterwood harvest will strengthen comparisons among these treatments.
While this analysis focused on traditional silvicultural outcomes, the data from the CMS
can also be used to assess multiple-use values including wildlife habitat quality, carbon storage
and sequestration, diversity of structure and species, and resilience to climate change. Previous
research in the CMS has explored several of these themes. For example, Puhlick et al. (2016b)
compared total ecosystem carbon in CC, SW3, and S05 in 2012, and found that S05 and SW3
had significantly higher carbon stocks than CC. Olson et al. (2011) surveyed understory plants in
each treatment, and found higher richness and diversity in CC than in shelterwood treatments.
Chapter 3 of this thesis compares several non-commodity outcomes from the CMS including
habitat suitability and climate change adaptation potential.
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2.7

Management implications
The results and comparisons presented here will allow managers to make judgments

based on their own priorities, and create more sustainable management of our northern conifer
forests. While uniform shelterwood (SW3 and SW3p) offers a simple and straightforward
approach to generating spruce, fir, and pine pulpwood or sawlogs in northern conifer forests, the
resulting stand uniformity limits the ability to respond to changing market conditions.
Commercial thinning fortuitously took place while softwood pulp prices were high, but such an
operation would be challenging in the region now. Furthermore, the stands in which
precommercial thinning was not applied have limited options for harvesting currently (due to
small diameters and likely low windfirmness; Ruel (1995)), although it has been over 40 years
since overstory removal. For a landowner wishing to maximize potential market opportunities
and maintain a diverse stand, this may not be the best approach. In a landscape of older or
uneven-aged forests, uniform shelterwood harvests could create early-successional conditions
after overstory removal and increase diversity at a larger scale. The two-stage shelterwood
retained some low-quality stems in an incomplete overstory removal, but sustained a commercial
thinning in 2012 which boosted financial performance. Adjusting the treatment to retain some
vigorous, desirable trees throughout the rotation could improve quality and growth (Carter et al.
2017).
Selection treatments may have been trying to achieve the impossible by seeking to
achieve an idealized reverse-J structure. While the selection treatments in the CMS did lead to
high stand quality, growth rates, and financial value, emphasis on the diameter distribution may
have overshadowed the need to recruit new trees of desired species. Some large spruce have
fallen in recent windstorms in the study stands (data not shown); this may facilitate natural
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creation of canopy gaps needed to encourage growth of small trees. The modified diameter-limit
treatment performed better than the other “exploitive” treatments in terms of maintaining basal
area in large trees and sustaining high harvest levels and stand value. In practice MDL may be
more similar to an irregular shelterwood (Raymond et al. 2009) with its emphasis on seed tree
retention and windfirmess, and could be adjusted to more explicitly seek regeneration of desired
species and retain more large trees. Repeated cuts from above, however, have the potential to
degrade the stands over the long term, particularly in light of the fact that the spruce are largely a
single cohort. Removing the largest trees from an age class removes individuals that have grown
the best, resulting in degradation over the long-term (Sokol et al. 2004). In addition, lack of
tending other than capturing mortality below the diameter limits may result in less than ideal
growing conditions due to poor control over competition.
As foresters and researchers have known for many decades (e.g., Frank and Bjorkbom
1973), commercial clearcutting presents shade-tolerant softwood regeneration challenges and
does not create a valuable, vigorous future stand. This study shows that indiscriminate harvesting
favors short-lived, poor quality trees of mostly undesired species. Fixed diameter-limit cutting
may not have an obvious detrimental impact on a stand if applied once (Roach 1974), but
repeated harvests have clearly demonstrated the degraded tree quality and value that result.
2.8

Conclusion
The opportunity to assess nine treatments across the spectrum of management from

single-tree selection to commercial clearcutting at one location over a 65-year period is rare. A
number of other long-term studies with similar designs in the northern conifer forest type, such
as the former U.S. Forest Service Gale River, Finch-Pruyn, and Paul Smith experimental forests,
are no longer in operation (Kenefic et al. 2014b). While valuable research has emerged in past
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decades, shifting markets and management goals mean that updated findings and interpretation
are important for today’s forest managers. The complexity of this forest type – small scalenatural disturbances, legacy of historical selective harvesting, and presence of a number of
species at the edges of their ranges – means that growth and compositional responses to
treatment have taken decades to untangle. The selection treatments, for example, were deemed
successful after 20 years (Frank and Blum 1973) but are less so today because of concerns about
recruiting desired species. Because of market shifts, an early emphasis on reducing hardwoods
(Frank 1974) was not a good long-term decision from an economic standpoint; Sendak et al.
(2003) identified control of hemlock as more financially beneficial. Long-term studies can also
reinforce existing knowledge of forest management and give weight to long-standing
recommendations. Westveld (1938) expressed concern about spruce regeneration if advance
regeneration was not present prior to harvests, and results of commercial clearcut and
shelterwood treatments at the CMS have demonstrated this to be true.
Outcomes from this study have implications beyond the Acadian Forest if results are
considered in the context of silvics and stand development patterns. In mixed-species stands, it is
important to consider individual species’ modes of regeneration, competitive ability, and
longevity when developing silvicultural prescriptions. As observed in other forest types such as
northern and central hardwoods (Miller and Smith 1993; Leak and Sendak 2002), latersuccessional species dominate when high canopy closure was maintained over time. In contrast
to this, heavy harvests conducted without advance regeneration increase dominance of sprouting
and/or mid- to shade-intolerant species. The present study also showed that harvests which fail to
pay attention to residual stand quality (i.e., high grading) may generate short-term financial gain,
but result in poor financial performance over the long-term relative to those in which treatments
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deliberately sought to increase tree size and quality. This confirms observations from studies in
other forest types in the region (Niese and Strong 1992; Brown et al. 2017). Finally, not all
outcomes were apparent after 10 or even 50 years of study; the interaction of treatment effects
and time in the present study revealed that outcomes changed as the study period lengthened.
This supports the long-term investigation of forest dynamics, especially in such complex forest
types, as has been suggested by Pretzch et al. (2019).
None of the treatments in the present study met all stated objectives (i.e., increase
spruce, provide diverse products, maintain or increase tree quality, maintain low operational
costs) simultaneously, but provide valuable comparisons among even-, uneven- and exploitive
treatments in hemlock – spruce – fir dominated stands, and can influence how we choose to
manage forests in the future.

2.9
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CHAPTER 3

STAND-LEVEL DIVERSITY, CARBON STOCKS, AND HABITAT VALUE AFTER 65
YEARS OF SILVICULTURE IN A NORTHERN CONIFER FOREST2
3.1

Abstract
Societal demands for forest recreation opportunities and habitat conservation, as well as

threats from non-native invasive species and changing climates, necessitate that forest managers
consider ecological values in addition to traditional forest products. However, compromises are
likely to occur when attempting to achieve several goals simultaneously and outcomes far into
the future can be hard to predict. A large-scale, long-term forest management study in Maine,
U.S., allowed us to compare outcomes of management for structural and species diversity,
wildlife habitat provision for deer and forest birds, aboveground carbon storage, and climate
adaptability. Ten treatments have been applied for more than 65 years, including variants of
selection and shelterwood silvicultural systems, diameter-limit cutting, and commercial
clearcutting (high grading). Single-tree selection and modified (guiding) diameter-limit cutting
had high structural diversity and habitat value and high above-ground carbon stocks, but low
climate adaptability due to dominance by at-risk softwood species. Uniform shelterwood resulted
in structurally and compositionally homogeneous stands with little diversity. Exploitive
harvesting, including fixed diameter-limit and commercial clearcutting, resulted in stands with
low carbon stocks, low structural diversity, and few large trees or snags, but more hardwoods
like red maple which are expected to thrive in future climates. These findings highlight the
tradeoffs inherent to managing for multiple traditional and emerging objectives and underscore
the importance of encouraging well-adapted species and choosing treatments which support

2

This chapter is in preparation for submission to Forest Ecology and Management and is formatted as such.
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vigorous, large trees and complex structures in order to provide diverse benefits in the present
while maintaining adaptability to future conditions.
3.2

Introduction
Forests provide timber, wildlife habitat, carbon storage, and many other benefits. Yet the

capacity of forests to continue producing multiple services depends on impacts of future
disturbance and climate regimes and associated adaptive management strategies. Although some
values are best realized through preservation (e.g., habitat for species vulnerable to disturbance;
Gaston et al. 2002), managed forests that provide financial returns can be both crucial for
preventing conversion to non-forest use and compatible with maintaining biodiversity and other
values (Fischer et al. 2006). In light of future changes, emphasis on maintaining or increasing
diversity will be more important than ever, as biodiversity is linked to improved ecosystem
productivity, habitat provision, and resilience to environmental disturbance (Recher 1969;
Hooper et al. 2005; Tilman et al. 2014; Isbell et al. 2015).
Yet there are tradeoffs when managing for economic and ecological outcomes
(Buongiorno et al. 2004), when seeking to provide multiple ecosystem services (Bennett et al.
2009), and when managing for climate change adaptation or mitigation (D’Amato et al. 2011).
Treatments that maximize timber output and revenue may have lower aboveground carbon
storage (Schwenk et al. 2012; Gutsch et al. 2018). Habitat provision at a landscape scale can
increase or decrease with harvest intensity, depending on the structure of the surrounding forests,
and may or may not be compatible with timber management goals (Schwenk et al. 2012).
Activities which seek to promote climate change adaptation or mitigation may not be consistent
with native biodiversity goals (Felton et al. 2016), structural complexity and large trees
(D’Amato et al. 2011), or understory plant diversity (Burton et al. 2013). In the future, climate
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change will influence provision of many of the services forests provide, such as habitat, water,
and timber (Dale et al. 2001; Battles et al. 2008; Nelson et al. 2013).
In light of these concerns, forest landowners and managers face questions including: how
do we provide habitat and biodiversity benefits while managing for economic returns? Can we
help forests adapt to the future while maintaining habitat for at-risk species in the present? Does
climate change mitigation come at the expense of adaptation or biodiversity? While trade-offs do
occur, many goals are compatible with active management (Gutsch et al. 2018) and harvesting
can often be adjusted to increase non-timber values such as habitat quality with only small
reductions in economic returns (Monkkonen et al. 2014).
Landscape-level conditions, as well as the economic or social incentives for a given
forest, will determine which goals are deemed most important and facilitate decision-making. In
the forests of the northeastern U.S. and adjacent Canada, for example, provision of habitat for
game species such as the white-tailed deer (Odocoileus virginianus) and songbirds is a common
objective of non-industrial forest landowners (Butler et al. 2016). Climate change mitigation
through aboveground carbon storage (Carpentier et al. 2017), forest adaptation to future climate
(Kabrick et al. 2017), and restoration of late-successional forest characteristics (Ducey et al.
2013) are also priorities. These goals may not be compatible with maximizing timber output
(Schwenk et al. 2012), yet regional economies are highly dependent on wood production. In the
northeastern U.S., for example, forest-products manufacturing contributed close to 5.5 billion
USD to the economy in 2016 (Forest2Market 2019). Managers in this region are also challenged
by forest compositions and structures that have been altered by centuries of repeated harvesting,
resulting in stand conditions that differ from those historically present and for which
management guidelines may be inadequate (Seymour 1992).
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The goal of this study was to compare ecological outcomes of temperate conifer forest
management using data from a 65-year-old study in Maine, U.S., and to identify key
characteristics of management strategies in light of multiple goals. Objectives were to 1)
determine if a range of stand structural and compositional outcomes pertaining to climate
adaptation and mitigation, stand-level complexity, and habitat provision varied between
silvicultural treatments; and 2) determine compatibility (or lack thereof) among these outcomes
and other management considerations. We hypothesized that treatments which increased
compositional and structural diversity would be more compatible with selected habitat and
climate objectives than those which simplified those stand attributes, and that harvest intensity
would be inversely related to above-ground carbon stock. Further, we anticipated that attainment
of these non-timber goals would be inconsistent with a focus on short-time financial gain.
3.3

Methods
Study site
The Penobscot Experimental Forest (PEF) is located in Bradley and Eddington, Maine,

U.S. The PEF covers 1,619 hectares in the Acadian Forest region, which includes northern
Maine, southeastern Canada, and higher elevations in northern New York, Vermont, and New
Hampshire (Rowe 1972). This mixedwood forest tends to be dominated by spruce (Picea spp.,
often red spruce: P. rubens Sarg.) and balsam fir (Abies balsamea [L.] Mill.), with eastern
hemlock (Tsuga canadensis [L.] Carr.), eastern white pine (Pinus strobus L.), northern whitecedar (Thuja occidentalis L.), and hardwoods including red maple (Acer rubrum L.), paper birch
(Betula papyrifera Marsh.), aspen (Populus spp. L.), and yellow birch (Betula alleghaniensis
Britton). Mean elevation on the PEF is 43 m, and mean temperatures are -7.1°C in February and
20.0°C in July. Mean annual rainfall is 106 cm, and mean annual snowfall is 239 cm. The terrain
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of the PEF is generally flat with some low ridges and several very wet low areas. Soils, as
classified using the Briggs (1994) system, are somewhat excessively drained to very poorly
drained; most of the area used in the present study is somewhat poorly to poorly drained. Soils
derived from glacial till cover most of the study area (76% of sample plots), while the lowest
areas, in depressions and along streams and wetlands, have soils derived from marine sediment.
Treatments
The Compartment Management Study (CMS) was initiated on the PEF in 1952 by the
U.S. Forest Service to assess silvicultural and financial outcomes from a range of silvicultural
and exploitive harvesting treatments. At the time the study was created there were concerns
about availability of spruce-fir pulp supply in the state (Frank 1974). While research goals
changed over the decades to incorporate more products, timber quality and desired species
composition have formed the basis for prescriptions and harvesting decisions. Overall,
prescriptions sought high growth rates, low mortality and cull volume, and emphasized
production of spruce over fir, hemlock, or hardwoods. While foresters have more recently begun
to view diverse species and deadwood inclusions as ecological benefits to include in
management, ecological outcomes were not the focus of the treatments in the CMS. However,
the inventory data collected as part of the CMS allowed us to assess non-commodity outcomes of
the treatments.
There are nine silviculture and harvesting treatments employed in the CMS plus an
unharvested natural area. Each treatment was randomly assigned to two Management Units
(MUs) between 7 and 18 ha in size. Specific stand histories prior to the CMS are unknown,
although the study area had been continuously forested (not cleared for agriculture) and
selectively harvested for at least 150 years (Kenefic and Brissette 2014). Pre-treatment basal area
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of trees ≥ 1.3 cm in diameter at breast height (dbh, 1.37 m) averaged 33.4 m2 ha-1 when the CMS
harvests were initiated between 1952 and 1957. Total number of harvests and most recent
harvest are presented in Table 3.1.
Even-aged methods were uniform shelterwood with two-stage overstory removal (SW2)
and three-stage overstory removal (SW3). Final overstory removals of both occurred between
1967 and 1974. SW2 had an incomplete overstory removal; unmerchantable trees and those <
16.5 cm dbh were left standing, creating a two-storied structure. SW2 was commercially thinned
in 2012, a combined low and crown thinning which removed low quality trees and released trees
of desired species, and reduced basal area (≥ 11.4 cm dbh) by 40%. A portion of SW3 was
precommercially thinned (SW3p) in the early 1980s.
Uneven-aged silviculture systems were single-tree selection system on 5-, 10- and 20year cutting cycles (S05, S10, S20). These are managed to a reverse-J diameter distribution using
the BDq method (Guldin 1991), where B is residual basal area, D is maximum residual diameter,
and q factor defines the number of trees sought in each diameter class.
Exploitive harvesting methods, which focus solely on removal of salable trees without
attention to residual stand condition, include fixed diameter-limit (FDL) and modified (guiding)
diameter limit (MDL) cutting, and commercial clearcutting (CC). In FDL, all trees over speciesspecific size thresholds are harvested, with any unmerchantable trees left. MDL retained some
trees over diameter limits for seed or wind protection, while harvesting some below diameter
limits to capture mortality. In addition, harvest was limited to net growth since the previous
entry. Commercial clearcutting (CC) removed all merchantable trees. For a more complete
explanation of prescriptions and timing of these treatments, see Chapter 2.

80

Table 3.1. Harvests in each treatment.

S05
S10
S20
SW2
SW3

Number of
harvests
12
6
4
3
3

Most recent harvest
in each replicate
2014/2017
2017/2019
2018 (both)
2012 (both)
1972/1975

SW3p
MDL
FDL
CC

4
4
3
2

1982/1984
2017/2018
1994/2002
1983/1989

Treatment

Data collection
Between 8 and 21 permanent sample plots with a nested design were established in 1953
on a systematic grid with a random start in each MU. Trees ≥ 11.4 cm dbh were measured on a
0.08-ha plot, trees ≥ 6.5 cm dbh were measured on a 0.02-ha plot, and trees ≥ 1.3 cm dbh were
measured on a 0.008-ha plot. Inventories took place every 5 to 10 years and before and after
every harvest. In each inventory, species, dbh, and status of every in-plot tree was recorded.
Diameter at breast height of all trees ≥ 1.3 cm dbh was recorded in 2.6-cm classes, and status
codes included live, merchantable, cull, ingrowth into 1.3-, 6.5-, or 11.4-cm dbh classes,
mortality (live at previous inventory), or deadwood (dead at previous inventory). Snags recruited
through mortality (not previously dead) were measured beginning in 1996. See Waskiewicz et al.
(2015) for a complete description of measurement protocols.
Gravel roads run through 47 plots, so expansion factors used for calculating per-hectare
values were adjusted for the amount of road overlap in each nested plot as calculated in ArcMap
(ESRI 2018). Adjusted values for stems ha-1 and/or basal area ha-1 on nine plots were more than
two standard deviations away from the mean of non-adjusted plots and were removed from
analysis.
81

Softwood crown cover, defined as the portion of sky covered by softwood foliage or
branches in a vertical projection from the ground, was measured at three 0.08-ha plots in each
MU in summer and fall 2018. Assessments of softwood crown cover were made using a
densitometer at 100 points total, radiating in 8 directions from plot center and 1 m apart. The
percentage of 100 points at which >50% of the view in the densitometer included softwood twigs
or foliage was used to determine percent softwood cover in the plot.
Data calculations
Tree heights were predicted based on a model adapted from Robinson & Wykoff (2004).
The model used 6,902 measurements of height, diameter, and species collected throughout the
study area, with MU, plot, and species as random effects (R2=0.92).
Shannon’s index of diversity (Shannon and Weaver 1949), which accounts for richness
and evenness, was calculated for tree species, 5-cm dbh classes, and 2-m height classes at the
plot level. Basal area ha-1 of trees ≥ 1.3 cm dbh in each class was used rather than trees ha-1,
because basal area gives larger trees more influence and better represents resource use
(Staudhammer and LeMay 2001). Tree heights used for this index were predicted based on a
model which included diameter. Shannon’s index was calculated using the diversity function in
the vegan package (Oksanen et al. 2019) in R (R Core Team 2018).
A climate change adaptability score for climate projections through the year 2100 was
calculated based on species-specific values in the Climate Change Tree Atlas for New England
(Prasad et al. 2007-ongoing). The adaptability score is based on 9 biological (e.g., shade
tolerance) and 12 disturbance (e.g., disease, drought, browse) factors, which, based on available
literature, are expected to affect species distribution and success in the future. The score also
incorporates climate model uncertainty; see Matthews et al. (2011) for a detailed explanation of
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these factors. Scores for each plot were calculated based on percent basal area in trees ≥ 1.3 cm
dbh in each species.
Analysis of carbon stocks was conducted by J. Puhlick (unpublished) in support of the
research presented here. Aboveground carbon in live trees and dead wood was estimated for
plots on soils derived from glacial till (plots on soils derived from marine sediments were
included in one of the S10 MUs). The subset of plots used to estimate carbon stocks were chosen
because they aligned with a related study by Puhlick et al. (2017) on carbon accumulation in live
trees, dead wood, and harvested wood products. Aboveground carbon in live trees ≥ 1.3 cm was
estimated with regional biomass equations (Young et al. 1980) and species-specific carbon
concentrations by Lamlom and Savidge (2003). These estimates were based on the most recent
plot inventories which, on average, occurred in 2015. For these same inventories, dead wood
carbon stocks were estimated from dead wood inputs since the 1950s. Specifically, tree mortality
records (Kenefic et al. 2015) were used to tally the number of trees that had been harvested or
died due to non-harvest mortality agents. For non-harvest mortality, bole and branch carbon
above the stump was estimated with the Young et al. (1980) equations and carbon concentrations
by Lamlom and Savidge (2003). These methods were also used to estimate carbon in the tops
and branches of trees killed during harvest, plus the boles of trees < 11.4 cm dbh that were killed
during harvest. Then, downed coarse woody material (CWM) decay rates (Russell et al. 2014)
were used to estimate current dead wood carbon stocks from non-harvest mortality and harvest
residues; this methodology assumes that dead wood was incorporated into the downed CWM
pool immediately after death. Estimated dead wood carbon stocks are conservative because they
are based on recruited dead wood (i.e., not from trees that died before 1954 or portions of trees
that were cut and left on-site before 1954, or from annual and episodic inputs from live trees).
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For each plot, the recent live tree and estimated dead wood carbon stocks were summed to
represent aboveground forest carbon stock.
Statistical analysis
Shannon’s diversity index scores, adaptability scores, mean stand height, mean percent
softwood crown cover, and mean live trees ha-1 (TPH) > 30 cm dbh were compared among
treatments using a linear mixed-effects model. Repeated measures from the entire study period
were used for the diversity scores; other variables were assessed at the most recent inventory.
Plot-level covariates tested for inclusion in each model were mean elevation in the 0.08-ha plot
based on a 1-meter digital elevation model, soil parent material (marine sediment, glacial till,
organic, or alluvial), soil drainage class (Briggs 1994), and harvest index (a function of volume
harvested and years since harvest, Puhlick et al. 2016). Time, as number of years since the initial
inventory in each MU, was included as a fixed effect and tested for an interaction with treatment.
Random effects included MU and plot-within-MU, and potential spatial autocorrelation was
addressed by including latitude and longitude of each plot. Models were built with the lme
function in the nlme package (Pinheiro et al. 2019) in R version 3.5.1 (R Core Team 2018). The
lowest AICc value, with all variables significant at a 0.05 level, was used to select models. When
AICc values were ± 5, the more parsimonious model was selected.
Pairwise differences between treatments were determined with the emmeans and cld
functions in the emmeans (Lenth 2019) and multcomp (Hothorn et al. 2008) packages in R.
Differences were considered significant at the 0.05 level.
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3.4

Results
Statistical models
Table 3.2 shows fixed effects in each model. Results of models including repeated

measures, are presented at the study midpoint, about 30 years. The mixed effects model of
current aboveground forest carbon stocks included forest management treatment and depth to
redoximorphic features as statistically significant fixed effects (P < 0.05). Treatment and depth
to redoximorphic features explained 51% of the variation in carbon stocks, and variation in
carbon stocks between MUs where the same treatment was applied accounted for < 1% of the
components of variance. Depth to redoximorphic features was positively correlated with carbon
stocks.
Table 3.2. Inclusion of fixed effects in models for each response variable (random effects were
MU and plot-within MU). Treat = treatment, Years = number of years since study start, HI =
harvest index, Elev = mean elevation in plot.
Response variable

Conditional
R2

RMSE

(p <0.05)

Marginal
R2

Diameter – Shannon’s
Index

Treat, Years, Treat*Years, HI

0.65

0.67

0.27

Height – Shannon’s Index

Treat, Years, Treat*Years, HI, Elev.

0.52

0.59

0.20

Adaptability Scores

Treat

0.27

0.99

0.21

Mean stand height

Treat, Elev.

0.63

0.97

0.39

Softwood cover

Treat, Elev.

0.48

0.99

0.78

TPH > 30 cm dbh

Treat

0.64

0.89

9.87

Carbon stock

3

Explanatory variables included

Depth to Redox. Feat.

Stand structure
Shannon’s index of diameter class diversity was significantly higher in the selection
treatments and MDL than in the shelterwood treatments or CC (Table 3.3). Shannon’s index of

3

Source: J. Puhlick, unpublished.
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height class diversity was significantly higher in S05 and MDL than in SW3, SW3p or CC, and
S10 had a significantly higher height diversity score than SW3 or SW3p. For both diameter and
height diversity, the highest score appeared to be in S05 and the lowest in SW3, although these
were not significantly different from all other treatments. SW2, which had an incomplete final
overstory removal, had greater diameter diversity than SW3. Both height and diameter diversity
models showed a significant interaction of time and treatment (Figure 3.2; Figure A.1).
Table 3.3. Structural outcomes. Estimated marginal means (standard error) of stand height,
Shannon’s index of diameter class and height class diversity (at study midpoint, year 30), and
TPH ≥ 30 cm dbh (at most recent inventory, ~ 2015). Different letters indicate significant
differences among treatments (p < 0.05).
Treatment

Diameter-class
diversity

Height-class
diversity

Mean stand height (m)
> 11.7cm dbh

TPH > 30 cm dbh at
most recent inventory

S05

2.00 (0.03) e

2.02 (0.06) c

13.9 (0.6) c

199 (12) c

S10

1.86 (0.03) de

1.86 (0.06) bc

13.6 (0.5) bc

152 (12) c

S20

1.92 (0.03) de

1.83 (0.06) abc

12.6 (0.5) abc

135 (12) bc

SW2

1.64 (0.03) bc

1.71 (0.06) abc

12.2 (0.5) abc

66 (13) a

SW3

1.44 (0.03) a

1.52 (0.06) a

11.7 (0.6) abc

4 (15) a

SW3p

1.55 (0.03) ab

1.52 (0.06) ab

10.4 (0.6) a

6 (15) a

MDL

1.87 (0.03) de

1.97 (0.06) c

13.8 (0.5) c

166 (12) c

FDL

1.80 (0.03) cd

1.72 (0.06) abc

10.1 (0.5) a

70 (12) ab

CC

1.65 (0.03) bc

1.52 (0.06) ab

10.7 (0.5) ab

11 (12) a

Mean stand height was significantly greater in S05, S10, and MDL than SW3p and FDL.
Density of live trees > 30 cm dbh was significantly greater in the selection treatments and MDL
than in the shelterwood treatments or CC.
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Figure 3.1. Observed means of Shannon's index of 5-cm diameter classes. Standard error bars
calculated from mean of values in each MU.

Diameter diversity appeared to increase slightly over time in the selection treatments and
MDL (Figure 3.1). The shelterwood treatments and CC showed sharp declines in diversity after
heavy harvests, although diversity appears to have increased since then, as a time-treatment
interaction was significant in the model predicting diameter diversity.
Density of snags > 23 cm dbh and > 30 cm dbh was compared among treatments, with
thresholds chosen based on snag diameters recommended in bird habitat suitability guidelines
(Gallo et al. 2017). Snags >23 cm dbh ranged from 0 in SW3p to 12 in S10 and S20, although
density did not vary significantly among treatments (Table 3.4). Snags > 30 cm dbh were not
present in any plots in SW3, SW3p, FDL or CC, and also did not vary significantly among
treatments.
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Table 3.4. Observed mean (standard error) standing snag density at most recent inventory
(~2015), of all snags > 23 cm dbh and of snags > 30 cm dbh only. No significant differences
among treatments was found. Standard errors calculated from mean of MU-level values.
Treatment

Snags ha-1
>23 cm dbh

Snags ha-1
>30 cm dbh

S05

9 (4)

2 (1)

S10

12 (1)

7 (1)

S20

12 (1)

6 (1)

SW2

8 (1)

1 (1)

SW3

1 (1)

0

SW3p

0

0

MDL

6 (1)

3 (2)

FDL

7 (5)

0

CC

3 (3)

0

Composition
At the end of the study period, the selection treatments and MDL had a high percentage
of basal area in spruce (16-32%) and eastern hemlock (20-43%; Figure 3.3; Table 2.7).
Shelterwood treatments (SW3 and SW3p) did not significantly alter the percentage of red maple
between first and most recent inventories, but had very low basal area in eastern hemlock in
more recent inventories; SW3 was dominated by balsam fir (38%) and eastern white pine (34%)
and SW3p by balsam fir (35%) and red spruce (45%). CC had mostly balsam fir, red maple, and
other hardwoods at the most recent inventory, with very low proportions of spruce or hemlock
(Table 2.7).
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Table 3.5. Estimated marginal means (standard error) of Shannon’s index of species diversity (at
study midpoint, year 30), softwood crown cover (in 2018), adaptability score (at most recent
inventory), and carbon stocks (at most recent inventory). Different letters indicate significant
differences among treatments (p < 0.05).
Treatment

Species
diversity

Softwood % crown
cover

Climate change
adaptability score

Carbon stocks at most
recent inventory (Mg ha-1)

S05

1.32 (0.11)

93 (6) c

3.39 (0.15) a

81.6 (2.9) b

S10

1.46 (0.03)

77 (6) bc

3.69 (0.15) ab

89.5 (3.6) b

S20

1.39 (0.07)

79 (6) bc

3.48 (0.15) a

77.4 (2.7) b

SW2

1.59 (0.07)

57 (6) ab

3.81 (0.16) ab

58.8 (3.0) a

SW3

1.31 (0.06)

88 (6) bc

3.30 (0.18) a

86.6 (3.8) b

SW3p

1.25 (0.14)

72 (5) abc

3.22 (0.18) a

Not measured

MDL

1.42 (0.07)

60 (5) ab

3.58 (0.15) ab

86.3 (2.1) b

FDL

1.55 (0.03)

66 (5) ab

3.63 (0.15) ab

61.7 (1.8) a

CC

1.50 (0.03)

44 (6) a

4.38 (0.15) b

63.9 (1.8) a

Figure 3.2. Observed means of Shannon's index of tree species diversity, by BA >1.3 cm dbh.
Standard error bars calculated from mean of values in each MU.
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Figure 3.3. Mean basal area (≥ 1.3 cm dbh) over time by species.
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There was no significant difference among treatments in species diversity (Table 3.5).
Species diversity remained fairly constant in selection, MDL, and FDL, but appeared to drop
after the final overstory removal in SW3 and SW3p (Figure 3.2). Softwood crown cover was
significantly higher in the selection treatments and SW3 than in CC. SW2, MDL, FDL and CC
all had significantly lower softwood crown cover than S05.
Climate adaptability and carbon stocks
Mean adaptability score, based on tree species composition, was significantly higher in
CC than in S05, S20, SW3, or SW3p (Table 3.5). Carbon stocks were similar among SW2, FDL,
and CC. These treatments had significantly lower carbon stocks than selection, SW3, and MDL
treatments (Table 3.5).
3.5

Discussion
Structure and composition
Structural and compositional complexity in forests can increase resilience and

adaptability to disturbance, as well as provide diverse habitat (Evans & Perschel 2009; Puettman
et al. 2009). Although they are somewhat limited in their ability to accurately capture complexity
at broader scales, species and structural indices are commonly used to assess biodiversity or
complexity at a stand level (Lindenmayer et al. 2000). Staudhammer and LeMay (2001) tested
several diversity indices with a range of simulated stand structures, and found that Shannon’s
index accurately described stands when applied to species as well as diameter and height classes.
The uneven-aged treatments for which prescriptions included retention of large trees
(S05, S10, S20, and MDL) had more large trees after 65 years of treatment and greater diameter
diversity than the even-aged treatments with no retention (SW3 and SW3p) or CC. The final
overstory removal in the three-stage shelterwood and second harvest in CC generally reduced
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diameter diversity (Figure 3.1), as all large trees were removed. FDL had significantly higher
diameter diversity than SW3 or SW3p, but low basal area in large trees and low overall height
compared to selection treatments. As fixed diameter-limit cutting removes all merchantable large
trees, overall stand height and large trees were reduced. Being opportunistic, FDL does not
create a uniform, even-aged condition, so diameter diversity remained high among the smaller
size classes. SW2 had similar structural results; incomplete overstory removal left some larger
trees which resulted in diameter diversity significantly higher than that of SW3.
Snag abundance generally followed the same trend as large trees, although plot-level
variability in snag abundance was high and may have obscured meaningful treatment effects.
While all treatments except SW3p had at least 1 snag >23 cm dbh ha-1, snags >30 cm dbh
occurred primarily in S10, S20, and MDL. S05 may have had fewer snags because such frequent
entries captured mortality (Kenefic and Nyland 2007), or because existing snags were knocked
down during harvest entries (Garber et al. 2005). Current snags are not sufficient for long-term
habitat provision; snag longevity varies with species, density, snag diameter and silvicultural
treatment (Garber et al. 2005)—but eventually even large snags will fall. Large live trees are
required to ensure recruitment of future large snags, so future snag abundance will likely also be
limited to selection treatments and MDL.
SW3 and SW3p, in addition to having low diameter and height diversity scores, also had
the lowest (though not statistically different) species diversity scores. The three-stage
shelterwood, which has a complete overstory removal, was effective at regenerating desired
softwood species and creating a compositionally and structurally uniform stand condition.
Species diversity appeared highest in FDL, a treatment which did not seek to control species
composition, and SW2, which included retention of some unmerchantable trees, but these
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differences were not statistically significant. Selection treatments, which sought to increase
spruce composition, had species diversity scores that appeared lower than SW2, FDL, or CC but,
again, this difference was not significant.
In hardwood forest types there have been more obvious, although varying, responses of
species diversity to treatment. Schuler et al. (2017) assessed species diversity in Appalachian
hardwood stands after 60 years of selection, diameter-limit, and commercial clearcut treatments.
They found that species diversity declined in all treatments, but declined most in the selection
treatments which had become dominated by shade-tolerant species. Niese & Strong (1992) found
that in Lake States northern hardwoods, it was diameter-limit cutting that reduced species
diversity as stands became dominated by sugar maple, while shelterwood increased diversity.
The northern conifer species at the PEF appear to respond differently, and have generally
maintained species diversity over time (Figure 3.2).
Habitat
In an effort to protect deer wintering habitat considered crucial to maintaining adequate
deer populations in northern, western, and eastern Maine, the Maine Department of Inland
Fisheries and Wildlife (MDIFW) identifies and protects deer wintering areas in unorganized
territories as part of zoning through Wildlife Protection Subdistricts (Simons-Legaard et al.
2018). MDIFW defines primary winter shelter as having both stand height ≥ 10.7 m and
softwood crown closure (cover) ≥ 70% in mixed or pure stands of northern white-cedar,
hemlock, spruce and fir (MDIFW 2010), while secondary winter shelter has stand height ≥ 10.7
m and softwood crown closure (cover) between 50 and 70%. While surrounding landscape
features such as forested patch size and access to water and forage also influence deer wintering
area (DWA) suitability (MDIFW 2010), softwood cover and overstory height are minimum
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requirements that can be quantified at a stand level. While many foresters choose not to actively
manage DWAs due to harvesting constraints (Bothwell 2017), harvesting and habitat provision
are not incompatible; primary DWA criteria for composition, crown cover, and height were met
in S05, S10, S20, and SW3 after 65 year of treatment, and secondary DWA requirements were
met in SW2 and MDL. SW3p, FDL and CC lacked sufficient cover and/or height. While the
selection treatments generally maintained continuous cover over time, SW3 and SW2 would
only meet DWA requirements several decades after regeneration, and therefore would not be
acceptable across an entire state-protected zone.
While climate change may reduce future habitat extent or value for certain wildlife
species, those impacts can be mitigated by enhancing forest composition and structure to meet
species’ habitat needs (Braunisch et al. 2014). To help landowners better understand forest bird
habitat needs, Maine Audubon identified 20 priority breeding forest bird species (Appendix B),
and created a guidebook for foresters, adapted from a similar guide in Vermont, to assess habitat
characteristics present or missing in a forest, including things like cover in under-, mid-, and
overstory, standing and downed deadwood, and gap abundance. Experts from Maine Audubon
and Audubon Vermont used this guide to assess the potential of each CMS treatment to provide
habitat for the identified priority bird species (unpublished report 2019). Their assessment was
that the more structurally complex multi-aged treatments, including the selection treatments,
MDL, and to a lesser extent FDL, had the potential to provide habitat for more of the listed bird
species than the less structurally complex treatments, and that these habitat features were
consistent despite continued harvests. In contrast, CC and the shelterwood treatments likely
provided habitat for early-successional specialists for a period of years after harvest, but then
declined in habitat quality after about 15 years. These suggestions are supported by Hagan et al.
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(1997) who measured bird abundance in industrial forests of northern and western Maine and
found highest abundance in regenerating clearcuts and older softwood stands, and McDermott
and Wood (2009), who measured bird abundance about 10 years apart in the hardwood forests of
West Virginia, and found that early-successional bird abundance appeared to decline over time in
both clearcuts and two-aged harvests.
However, suitability of a forest for birds, deer, and other species cannot generally be
measured at the stand scale, but encompasses conditions in the surrounding landscape.
Awareness of forest types in the surrounding area can help a landowner decide whether it is more
important to create new early successional habitat, or maintain an older stand structure. In
industrial forest landscapes with high levels of harvesting, late-successional habitat and the
species dependent on these conditions are expected to decline. As a result, retention of largediameter and tall residual trees and coarse woody material have become common
recommendations to sustain these conditions (Hagan et al. 1997). In areas of decreasing harvest,
creating new clearcuts can fill a missing habitat niche in the landscape (DeGraaf & Yamasaki
2003).
Climate adaptability and mitigation
Changes in temperature, precipitation, extreme weather events, pests, and diseases are
already impacting the northern conifer forest and will continue to do so in the future (Janowiak et
al. 2018). The predominant conifer species in this forest type (spruces, balsam fir, and eastern
hemlock) are all expected to do poorly in future climate conditions. The only treatment that
shifted composition away from a typical pre-treatment stand, CC, had the highest climate
adaptability score after 65 years of treatment. Red maple has the highest individual adaptability
score (8.5) of any species in the present study because of its high regeneration establishment rate,
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shade tolerance, and adaptability to many habitats, while balsam fir and eastern hemlock are
among the lowest-scoring species (both 2.7) largely due to pest susceptibility and drought
intolerance (Janowiak et al. 2018). Given this, it is no surprise that CC, with a large percentage
of basal area in red maple at the most recent inventory, had the highest adaptability score.
Kabrick et al. (2017) used the Climate Change Tree Atlas to calculate climate adaptability scores
in several eastern forest types and also found that softwood-dominated stands had lower scores
than mixedwoods. However, a species-based score does not address the health or vigor of a
stand, and red maple stump sprouts, prevalent in CC (Kenefic et al. 2014a), may not be longlived or vigorous individuals even if the species is highly adaptable. In reality, a sense of stand
complexity, health, and level of resource competition, as well as knowledge of tree species’ risks
in a given geographic area is needed to assess the vulnerability of given stand under future
climate conditions.
While climate adaptability may enable forests to thrive in the future, carbon storage can
help mitigate climate change in the present. Globally, forests store up to 80% of aboveground
and 40% of belowground carbon (Dixon et al. 1994), but management actions will affect whether
forests act as carbon sinks or sources in the future (Birdsey et al. 2006). Suggestions for
increasing forest carbon stocks include lengthening even-aged rotations, increasing stand-level
complexity, and retaining large trees (Evans and Perschel 2009). We found that aboveground
carbon stocks after 65 years of treatment were highest in the selection treatments, MDL, and
SW3. These results are consistent with other studies which found that single-tree selection led to
higher carbon stocks than commercial clearcutting (Nunnery and Keeton 2010) or diameter-limit
cutting (Powers et al. 2011). Our results of carbon stocks include just aboveground live and dead
trees and not belowground pools, harvested products, or substitution effects. Puhlick et al.
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(2016b) measured above and belowground carbon pools at 5 plots in each replicate of CC, SW3,
and S05 and estimated carbon stored in products from past harvests in those treatments. They
found that differences among treatments were primarily driven by live tree and shrub carbon.
There is potential for income generated through forest carbon offsets sold on voluntary or
compliance markets, although barriers for entry can include low initial stocking levels, low
carbon prices, and small ownership size (Kerchner and Keeton 2015).
Additional considerations
Forest stand complexity is not limited to trees. Bryce (2009) examined understory
vegetation in the CMS as well as old field stands on the PEF, and found that it was typical of the
Acadian (or northern conifer) Forest. She found no rare, threatened or endangered species, and
few nonnative invasive plants in the CMS. In contrast, old field stands contained nine nonnative
invasive species. Glossy buckthorn (Frangula alnus) was found in 86% of plots, shrub
honeysuckle (Lonicera spp.) in 59%, and Oriental bittersweet (Celastrus orbiculata) in 41%.
Bryce (2009) also examined overall understory species richness and diversity in the CMS, and
found similar trends among treatments in both richness and diversity. There was significantly
greater richness and diversity in CC than in S05, SW2, SW3p, or SW3. SW3 had significantly
lower richness and diversity than CC, FDL, MDL, S20, and S10. Bryce’s (2009) results confirm
other observations of higher harvest intensity leading to higher understory richness (Zenner et al.
2006). However, high or low species richness or diversity cannot be considered desirable or
undesirable without knowledge about the species in question, and increasing rare or important
species in the forest or region may be more suitable management goals than increasing overall
diversity. Bryce (2009) concluded that silvicultural treatment had not influenced invasive plants.
However, in areas with high levels of invasive species or recalcitrant understories (Royo and
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Carson 2006), forest management must take measures to address the understory or risk
catastrophic regeneration failures (Boyce 2009).
Even when revenue is not the top priority, it is unlikely that forest management actions
would happen without considering cash flow. In chapter 2, harvest revenue and standing
stumpage value were calculated based on inventory data and statewide stumpage reports. The
undiscounted sum of stumpage from all harvests, adjusted for inflation and presented in 2017
dollars ha-1, was highest in MDL ($3,771), SW2 ($2,997), and S05 ($2,947), and lowest in CC
($2,001) and S10 ($2,116). The value of standing stumpage at the most recent inventory was
highest in S05 ($3,203) and S10 ($2,920) and lowest in CC ($876) and FDL ($942). After
repeated harvests, the exploitive FDL and CC had greatly reduced stand value, while S05 and
S10 increased it. Niese and Strong (1992) calculated net present value (NPV) after 40 years of
harvests in northern hardwoods, and when considering residual stand value, also found lower net
present value in CC and FDL than selection treatments.
The three-stage shelterwood treatments had moderate stand and harvest values, but were
only partway through a full management rotation at the most recent inventory. Still, low species
and structural diversity in the three-stage shelterwood treatments make those a potentially risky
financial investment, as climate and pests are not the only factors that will change in the future—
timber markets may do so as well. There have been dramatic shifts in the price of sawtimber and
pulpwood as well as the relative prices of different species since the CMS was initiated (Figure
2.9; Figure 2.10). Managing for a variety of species and products may increase financial
resilience through an improved ability to respond to changing markets as well as changing
environmental conditions.
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These treatments, of course, do not represent the full range of silvicultural options in this
forest type. Ecological forestry or ecosystem-based management, in particular variants of
irregular shelterwood, may more closely represent the natural disturbance regime in the Acadian
Forest and maintain diverse species composition and structure (Raymond et al. 2009). The
Acadian Forest Ecosystem Research Program (AFERP) was established on the PEF in 1995 to
test two variants of expanding-gap silviculture with reserves, intended to accelerate stand
development toward late-successional characteristics (Seymour et al. 2006). After 10 years,
regeneration was primarily red maple sprouts and advance balsam fir, reflecting similar
challenges to the CMS treatments in recruiting spruce (Arsenault et al. 2011). Although there
was some white pine and other regeneration of mid-tolerant species, intermediate treatments may
be necessary to give desired species a competitive advantage over fir (Arsenault et al. 2011). An
important ecological forestry principle is the inclusion of permanent reserve or retention trees,
which the AFERP study indicated is successful in this forest type. AFERP treatments left
permanent reserve trees in gaps, totaling about 10% of pre-treatment BA; after 20 years, just
8.4% of reserve trees had died, or 66 of 787 individuals measured across a variety of species
(Carter et al. 2017).
3.6

Limitations
These results are limited by the power of two replicates and one study location.

Comparison with other study sites and forest types would further bolster conclusions, and
comparison with other silvicultural practices in the region, such as irregular shelterwood,
silvicultural clearcuts, and plantations, could improve management recommendations.
While some variables could be measured over the full 65-year study period, others (e.g.,
snags) were only incorporated into general measurement protocols more recently, or were
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measured just once. In the future, it will be possible to assess change over time in these outcomes
as well. Additional ecological outcomes of interest, such as functional traits, carbon
accumulation, and provision of late-successional forest characteristics, would allow for a more
complete assessment and comparison among outcomes, but were outside the scope of this work.
3.7

Management implications
While there are synergies among some management goals, there are tradeoffs among

others, and when assessing these treatments, there are not clear winners (Table 3.6). Maintaining
or increasing tree species diversity may not be compatible with the light harvests associated with
single-tree selection (Niese & Storing 1992), as small gaps tend to move composition towards
late-successional species (Leak & Sendak 2002; Schuler 2004). While selection treatments
maintained high structural diversity and large trees and snags, they appeared to have fairly low
species diversity. FDL and SW2 appeared to have somewhat higher species diversity, but few
large trees or snags and limited habitat value.
Table 3.6. Summary of outcomes (H=High, M=Moderate, L=Low). Divisions as follows:
Diameter diversity index: H>1.8, M 1.7-1.8, L<1.7; Height diversity: H>1.85, M 1.55-1.85, L
<1.55; Snags: H>10, M 5-10, L<10; Carbon stock: H>70 Mg ha-1 , L<70 Mg ha-1 ; Adapt score:
H>4.0, M 3.6-4.0, L<3.6; Priority bird habitat: based on Audubon staff recommendations, the
relative number of identified priority bird species (Appendix B) whose habitat needs are met in
these conditions.
Treat.

Diam.
Divers.

Height
Divers.

Primary
DWA

Snags

Carbon
stock

Adapt
score

Priority bird habitat

S05

H

H

Yes

M

H

L

H

S10

H

H

Yes

H

H

L

H

S20

H

M

Yes

H

H

M

H

SW2

L

M

No

M

L

M

H 2-15 yrs post-harvest, then L

SW3

L

L

Yes

L

H

L

H 2-15 yrs post-harvest, then L

SW3p

L

L

No

L

-

L

H 2-15 yrs post-harvest, then L

MDL

H

H

No

M

H

L

H

FDL

M

M

No

M

L

M

M

CC

L

M

No

L

L

H

H 2-15 yrs post-harvest, then L

100

Strategies for climate adaptation or mitigation may not be compatible with biodiversity
goals (Felton et al. 2016). We found that while CC had high adaptability scores, it did not have
high structural diversity, and few large trees. Many at-risk bird species in the region are reliant
on spruce-fir forest communities (Whitman et al. 2013), so management strategies which seek to
perpetuate those species and key structures may be most beneficial to those wildlife. However, a
structurally diverse stand of red spruce, eastern hemlock, and balsam fir, like S05, will only
provide current structural and compositional features as long as spruce budworm (Choristoneura
fumiferana), balsam woolly adelgid (Adelges piceae), and hemlock woolly adelgid (Adelges
tsugae) do not arrive in force. Still, a stand like CC, of pole-sized balsam fir and red maple
clumps with no large trees or snags, will not meet habitat needs of wildlife species requiring latesuccession for features for decades to come. Schwenk et al. (2012) compared carbon, timber, and
bird habitat outcomes in modeled scenarios in a mixedwood Vermont, U.S. forest. While
aboveground carbon storage declined with increasing harvest intensity, bird habitat was
compatible with high- or low-harvest scenarios, depending on whether early-successional or
interior-forest bird species were emphasized. Single-tree selection most effectively balanced all
three objectives at a stand scale (Schwenk et al. 2012).
While treatments such as SW3 and SW3p may be simpler to manage from an economic
standpoint than single-tree selection (Salonius 2007), they had low structural diversity scores,
low climate adaptability scores, and essentially no large trees or snags. If even-aged treatments
are desired, inclusion of permanent retention trees or application of an extended irregular
shelterwood (Raymond et al. 2009) would maintain more stand-level structural diversity.
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3.8

Conclusion
Understanding how silviculture and harvesting affect multiple outcomes will help forest

managers maintain productive forests that meet a broad range of goals now and in the future.
While outcomes such as carbon storage and deadwood abundance may be best achieved without
silvicultural manipulation (Schwenk et al. 2012), timber revenue can enhance other values while
keeping forests as forests (Fisher et al. 2006). None of the treatments examined here met all
goals, but there are lessons from each that can inform more ecologically sound management.
Selection treatments created structural diversity by managing for a range of tree sizes, but could
incorporate larger or varied gaps to encourage more species diversity. Uniform shelterwood
treatments could be modified to increase structural diversity and habitat value by leaving some
large snags, as well as large residual trees to create future snags and downed woody debris. The
results of commercial clearcutting suggested the importance of recruiting and keeping resilient
species like red maple, instead of removing them to favor valuable, although at-risk softwoods.
Modifications to these treatments will benefit ecological outcomes at a stand scale, but a
landscape-scale approach integrating diverse management strategies will likely provide greatest
utility when seeking to meet competing objectives (Schwenk et al. 2012; Kline et al. 2016). A
forester will be wise to consider the many tradeoffs associated with short- and long-term
economic and ecological goals, and find the balance needed to maintain a healthy, productive
forest in the future.
3.9
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4

CHAPTER 4: CONCLUSION

It is rare to have the opportunity to compare nine silviculture and harvesting treatments
over many decades using observed rather than modeled data. These results can benefit
researchers working in northern conifer and other mixed-species forest types, but more
importantly can assist landowners and practitioners in making decisions that best meet their
individual goals. These forests are resilient—we have seen that through centuries of repeated
harvesting (Seymour 1992). But we are also managing forests in a time of increasing change and
uncertainty: changing climate, increasing pests and diseases, and changing markets. Perhaps
more than anything else, this study has demonstrated that silviculture matters. The harvesting
decisions that we make now will set the forest on diverging pathways that will alter the
composition, growth, structure, and ability of a forest to provide multiple benefits for decades if
not centuries in the future. While landowners rightly have varied goals and interests, we hope
that the lessons learned through this research, particularly about the results of exploitive
harvesting, will encourage thoughtful management of our forests.
A forester can achieve (or not) goals such as sustained timber production, regeneration of
desired species, and high structural diversity through harvesting and silvicultural practices.
Harvests focused solely on removal of valuable trees, without regard for residual stand condition,
may provide short-term income but do not lead to sustained or increasing harvest value over
many decades. Instead, poor quality residual trees continue to occupy growing space and may
inhibit regeneration of desired species or recruitment of good quality trees into larger size
classes. When seeking to control future species composition in a stand, it is necessary to consider
the regeneration and growth properties (e.g., seedlings vs. stump sprouts, seedbed requirements,
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and shade tolerance) of desired and competing species when conducting a harvest. Heavy
harvests without advance regeneration of shade-tolerant species will reduce that component in
the stand, resulting in greater composition of mid- or intolerants and/or stump sprouting species.
On the other hand, very small gap sizes may limit regeneration of desired tolerant or mid-tolerant
species if very shade-tolerant or highly competitive species are present. Intermediate treatments
such as thinning and crop tree release can favor desired species, but will not make up for a lack
of regeneration. Retaining some large trees after a heavy harvest can have dual economic and
ecological benefits; if good quality, those residuals can help maintain higher structural diversity
and canopy cover, while increasing in value until a later harvest.
Finally, study outcomes can vary depending on which point in time results are assessed.
Even-aged treatments go through extreme changes in basal area and stand development, and 15
year results will show different compositional and structural results than 50 year results (see
figures in Appendix A). Timing of harvest relative to study assessment could influence results of
harvest revenue, carbon stocks, tree quality, and growth. A unique benefit of long-term, repeated
measures studies such as this one is the ability to see these outcomes over many decades, and
interpret results wisely.
4.1

Matching treatments with landowner objectives
There is no one-size-fits-all approach to forest management. Diverse ownership

objectives mean that emphasis will sometimes be placed on income, and sometimes on aesthetics
and habitat conservation, among other goals. In Maine, more land than ever is held in
conservation easements, and much of that land is actively harvested (Noone et al. 2012). While
much of the forestland in the region is managed primarily for economic returns, small parcels
make up a large proportion of forestland (Butler 2017) and can have an impact on multiple
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values, including timber availability, habitat provision, carbon storage, and recreation
opportunities. Shifting values, public pressure, and forest certification systems mean that even
income-driven landowners are increasingly incorporating ecological goals into their harvest and
management plans (Sherwood 2014). Here I interpret the results of this study and make
recommendations based on several possible landowner types.
Multi-use/family forest: selection or MDL
For a landowner with multiple objectives including timber income, aesthetics, recreation,
and hunting, a multi-aged silviculture treatment will likely provide most benefit. High softwood
cover provides deer habitat, while diverse structure will meet the needs of many of the breeding
bird species listed by Maine Audubon as representative of many species with at-risk habitat
(Appendix B). Very frequent harvests (i.e., every 5 years) may be unreasonable due to low
harvest volume and fixed costs associated with harvesting, but a 10 to 20 year cutting cycle can
provide periodic income while maintaining aesthetically pleasing conditions and even creating
trail networks for recreation. The selection treatments, while somewhat restrictive in their
prescriptions, show the benefit of seeking to favor high-quality trees over time, but also
demonstrate the challenges associated with regeneration of mid-tolerant species. Modified
diameter-limit cutting may provide less explicit control over quality and species composition, but
is easier to apply. Awareness of surrounding forest management trends is also be important—for
example, if nearby forests have primarily later-successional structures and compositions, it may
be beneficial to wildlife to create areas of early-successional habitat.
Production-oriented: shelterwood
Income-driven landowners in the northern conifer region may favor the uniform
shelterwood system, as even-aged silviculture can be easier to apply from an operations

116

standpoint. However, there are drawbacks: while thinning is hugely beneficial in controlling
composition and may increase growth rates and shorten rotations (Pitt and Lanteigne 2008;
Seymour et al. 2014), pre-commercial thinning is an added expense and commercial thinning is
dependent on markets. The uniform structure and composition at a given time is generally less
desirable from an ecological standpoint, but may create landscape-level diversity in some
locations. A compromise may be found in the shelterwood with retention, which leaves some
overstory and maintains greater diversity over time; growth rates may be slightly lower if poor
vigor trees are left as residuals, but this can likely be ameliorated through judicious selection of
retention trees.
Limited value: FDL or CC
The results of FDL and CC—low growth, poor tree quality, low carbon stocks, few large
trees, and low cumulative harvest and standing stumpage value—indicate that these are not
suitable options for sustainable management. The outcomes of these types of harvests have
demonstrated, over 65 years, the negative impact that indiscriminate and diameter-limit cutting
can have on the economic value and ecological outcomes in a forest. What we can learn from
these treatments is that heavier cutting can lead to more hardwoods and perhaps a more diverse
species composition. However, those compositional goals can be accomplished while still
working towards a productive forest under silvicultural systems focused on regeneration and
quality retention.
4.2

Landowner communication
To increase landowner and practitioner understanding of these concepts, this work

includes production of a documentary-style film based on research at the PEF and a glossy
booklet synthesizing outcomes for easy comparison among treatments. I hope that by educating
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landowners about options for forest management and some short- and long-term benefits or
drawbacks of each, they will choose sustainable practices that simultaneously meet their own
financial, recreational, and ecological goals. Long-term, large-scale forest management studies
are an enormous investment of time and funds. Sharing the outcomes with researchers, as well as
those who make harvesting decisions on the ground, makes those efforts worthwhile.
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APPENDIX A

ADDITIONAL FIGURES
The following figures show change over time in outcomes where the final model (Table
2.3; Table 3.2) included an interaction of treatment and years.

Figure A.1. Shannon’s index of height class diversity over time.
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Figure A.2. Percent basal area in spruce species (live trees > 1.3 cm dbh) over time.

Figure A.3. Percent basal area in eastern hemlock (live trees > 1.3 cm dbh) over time.
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Figure A.4. Percent basal area in cull trees (>1.3 cm dbh) over time.

Figure A.5. Percent basal area in live trees >30 cm dbh over time.
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APPENDIX B

LIST OF PRIORITY BIRD SPECIES

Experts from Maine Audubon and other state and private organizations identified 20 forest bird
species of high conservation concern, based on declining populations, future threats, and high
proportions of their populations found in northeastern forests. These are not the only species of
importance or concern, but their habitat needs also encompass the needs of many other species.
Please visit maineaudubon.org/ffmb for more information.
1. Scarlet Tanager
2. Ovenbird
3. Wood Thrush
4. Northern Flicker
5. Chestnut-sided Warbler
6. Mourning Warbler
7. Veery
8. Yellow-bellied Sapsucker
9. American Woodcock
10. Eastern Wood-Pewee
11. Canada Warbler
12. Black-throated Blue Warbler
13. Bay-breasted Warbler
14. Northern Parula
15. Black-throated Green Warbler
16. Blackburnian Warbler
17. Magnolia Warbler
18. Black-backed Woodpecker
19. Boreal Chickadee
20. Olive-sided Flycatcher
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